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Summary
Quartz crystal sensors for the analysis of carbaryl, 1-naphthol, catechol and 4- 
aminophenol were developed. The analysis was based on the reaction of the analyte of 
interest with a phenolic compound to produce an analyte specific product that precipitates 
out and deposits on the surface of the quartz crystal producing a signal. Carbaryl was first 
converted to 1-naphthol by alkaline hydrolysis and then detected by a phenolic reaction.
The speed of the phenolic reaction and precipitate formation was enhanced by using 
either potassium periodate or ammonium persulfate initiators. The latter was proved to be 
more efficient in decreasing the analysis time and increasing the magnitude of the signal. 
Ammonium persulfate decomposed with time. The effect of ‘aged’ ammonium persulfate 
on the reaction of 4-aminophenol with o-cresol produced a fast (less than 3 min) and very 
stable signal. An investigation of the mechanisms of ammonium persulfate decomposition 
and action on the phenolic reactions was performed.
In order to improve the response size, the effect of the presence of organic solvents in the 
reaction of 1-naphthol with 4-aminophenol was investigated. From the solvents tested 
(methanol, isopropyl alcohol, dimethyl formamide and acetone) acetone and DMF were 
more efficient in increasing the magnitude of the crystal response. Large signals that have 
never reported before in the literature were obtained.
The quartz crystal sensors developed, had the required short analysis times but lacked the 
required lower detection limits. Dry reagent chemistry was incorporated into the quartz 
crystal sensors to solve this problem. The use of water-soluble polymers (PVA) showed 
promising results in that direction.
Electrochemical quartz crystal microbalance sensors were used for the detection of 4-AP, 
catechol (an enzymatic product of salicylate) and paracetamol in an effort to improve the 
detection limit o f analgesic compounds and decrease the number of steps of analysis. 
Large signals (-4000 Hz) in a short time (3 min) were obtained from the electro­
polymerisation o f the analytes on the surface o f the quartz crystal. This was performed in
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the absence of ammonium persulfate demonstrating the great promise held in the use of 
E-QCM sensors for the detection of these analytes.
Key words: quartz crystal, precipitation reactions, 4-aminophenol, E-QCM, phenols 
analgesic drugs.
Ill
Acknowledgments
I would like to thank my parents Maki and Maria for their continuous support all these 
long years of studies and my brother Tasos and my sister Regina. I would also like to 
thank Dr S.M. Reddy for giving me the opportunity to do this Ph.D, for his useful 
guidelines throughout these three years, for giving me the chance to present my work at 
major conferences and finally for being a friend. I would also like to thank Mr Paul 
Bishop and Dr Allan Way for their continuous technical support and EPSRC for funding 
this project. Special thanks to my friends Antonis, Kostas, for making my stay in England 
more pleasant and finally all the people in the lab for all the time we spent together.
IV
Contents
Sum m ary...............................................................................................................................ii
A ck n ow led gm en ts...........................................................................................................iv
C ontents..................................................................   v
A b b rev ia tion s......................  ix
C h a p ter  1 ..................................................................    I
I n tr o d u c t io n ..................................................................................................................... 1
1.1 B iosen sors.................................................     1
1.1.1 Areas of application..................................................................................................2
1.1.2 Need for a paracetamol biosensing m ethod........................................................3
1.1.3 Need for a carbaryl sensing m ethod.....................................................................3
1.2 Paracetam ol (acetam inophen)......................   4
1.2.1 Clinical Use.............................................................    4
1.2.2 Metabolism and excretion in hum an...................................................... 4
1.2.3 Dangers associated with paracetamol administration..................................... 6
1.2.4 Analysis.................................................................................  7
1.3 Aspirin (acety lsa licy lic  a c id )  .................................................................................7
1.3.1 Clinical Use.................................................................................................................7
1.3.2 Metabolism and Excretion...................................................................................... 8
1.3.3. Dangers associated with aspirin administration.............................................9
1.3.4 Analysis....................................................................................................................... 9
1.4 Phenols and phenolic com pounds........................................................................ 10
1.5 Sensing T echniques................................................................................................... 10
1.5.1 Electrochemical sensing........................................................................................ 10
1.5.1.1 Amperometric biosensor.................................................................................. 10
1.5.1.2 Potentiometric biosensor.................................................................................. 12
1.5.2 Optical sensors.........................................................................................................12
1.5.3 Quartz crystal microbalance sensor.................................................................. 13
1.6. Rationale for QCM  selection  over the other sensors................................ 15
1.7 A im  and objectives  ...............  16
C h a p ter  2  : G e n e r a l E x p e r im e n ta l S e c t io n ................................................ 18
2.1 M aterials.........................................................................................................................18
2 .2  M eth od s.......................................................................................................................... 18
2.2.1 Solution preparation.............................................................................................. 18
2.2.2 Quartz crystal coating with gold -on-chromium..............................................19
2.2.3 Crystal installation into sample chamber..........................................................20
V
2.3 . Apparatus...................   22
2 .4 . Computer so ftw are.................................................................................................. 23
C h a p ter  3 : Quartz crystal investigation o f  phenolic  reactions and 
precipitate form ation ...................................................................     24
3.1 Introduction..................................................................................................................24
3.2  Experim ental S ection ............................................................................................... 25
3.2.1 Materials..............................................................................................................  25
3.2.2. M ethods...................................................................................................................25
3.2.2.1. Reaction of 4-aminophenol with o-cresol.................................................... 25
3.2.2.2. Artificial ageing of A PS................................................................................. 26
3.2.2.3. Colorimetric detection of 4-AP..................................................................... 26
3.2.3. Apparatus and computer software................................................................... 26
3.3 R e su lts ...............................     27
3.3.1 Choice of Initiator...................................................................................................27
3.3.2. Effect of a range of APS concentrations...........................................................28
3.3.3. Investigation of contributors to the crystal response....................................29
3.3.4. Effect of ‘ageing’ of APS on the speed of the reaction....................    31
3.3.5. Artificial ‘ageing’ of APS using thermal treatm ent...................................... 33
3.3.6. Identification of active component in thermally treated APS solution 35
3.3.7. Application of thermally treated APS solution...............................................38
3.3.7.1. Colorimetric methods....................................................................................38
3.4. D iscu ssion ....................................................    40
C h a p ter  4  : D e te r m in a t io n  o f  C a rb a ry l a n d  1 - N a p h t h o l ..................46
4.1 Introduction..................................................................................................................46
4.2  Experim ental S ection ....................................................   47
4.2.1 Materials...................................................................................................................47
4.2.2 Determination of Carbaryl and 1-naphthol................................  47
4.3 R e su lts ............................................................................................................................48
4.3.1 Optimisation of the reaction of 1-naphthol with 4-AP...................................48
4.3.1.1 Optimum 4-AP concentration.......................................................................... 48
4.3.1.2 Optimum APS concentration..............................................   49
4.3.1.3 Crystal signal at lower 1-naphthol concentrations....................................... 50
4.3.1.4 Effect of a range of organic solvents on the response signal....................... 52
4.3.1.4.1 Acetone....................................................................................................... 52
4.3.1.4.2 Dimethylformamide (DMF).....................................................................54
4.3.1.4.3. Iso-propyl-alcohol (IPA).......................................................................55
4.3.1.4.4 Methanol (MeOH)...................................................................................56
4.3.1.5 Standard curve for 1-naphthol determination................................................ 56
4.3.2 Carbaryl determination........................................................................................ 57
4 .4  D iscu ssio n ..................................................................................................................... 58
VI
C h a p t e r  5 : D ev e lo p m en t o f  q u artz  crysta l sen so r fo r p a race tam o l and  
salicy la te  d e te rm in a tio n ............................................................................................... 63
5.1 In tro d u c tio n ..........................................................   ...63
5.2 E x p erim en ta l sec tio n ..........................   64
5.2.1 M ethods.................................................................................................................... 64
5.2.1.1. Reaction of 4-aminophenol with catechol .................................   64
5.2.1.2. Spectrophotometric detection of salicylate................................................... 64
5.2.1.3. Thin Layer Chromatography (TLC).............................................................. 65
5.2.1.4. Sample preparation for Mass Spectrometry.................................................65
5.2.1.5. Sample preparation for High Performance Liquid Chromatography 65
5.2.1.6. Liquid Chromatography -  Mass Spectrometry.............................................66
5.2.1.7. Dry reagent chemistry........................................................  66
5.2.1.8. Aryl acylamidase immobilisation...................................................................67
5.2.1.8.1 Polyethyleneimine - Glutaraldehyde...................................................... 67
5.2.1.8.2. Polyethyleneimine ...........................................................................67
5.2.1.8.3. Cystamine..................................................................................................67
5.3 R e s u l ts ............................................................................................................................68
5.3.1 Development of a method for salicylate de term ination .................................68
5.3.2 Development of a method for paracetam ol determ ination........................... 72
5.3.2.1 Optimum aged APS concentration................................................................. 72
5.3.2.2 Limit of 4-AP detection....................................................................................74
5.3.2.4 Reaction of 4-AP with resorcinol using aged APS as initiator....................76
5.3.2.5 Investigation of the mechanism of the phenolic reaction............................ 77
5.3.2.5.1 Reaction of 4-AP with 1,4 benzoquinone.................. .... ...................... 77
5.3.2.5.2 Separation of the products of the phenolic reaction by TLC.............. 78
5.3.2.5.3 Separation of the products o f the phenolic reaction by HPLC........... 80
5.3.2.5.4 Separation of the products of the phenolic reaction by LC-MS...........83
5.3.2.5 Dry reagent chemistry....................................................................................... 87
5.3.2.6 Paracetamol determination.............................................................................. 90
5.4. D iscu ssio n .................................................................................................................. 92
C h a p t e r  6  : D e te c t io n  o f  p h e n o l i c  c o m p o u n d s  u s in g  a n  E - Q C M  
s e n s o r .................................................................................   ..1 0 3
6.1 In tro d u c tio n ................................................................................................................ 103
6.2 E x p erim en ta l S e c tio n ...................................................  104
6.2.1 A pparatus............................................................................................................... 104
6.2.2 M ethods.................................................................................................................. 105
6.2.2.1 E-QCM measurements................................................................................. 105
62 .22  Silver / silver chloride reference electrode preparation.............................. 106
6.3 R e s u l ts ....................................................................................................................   106
6.3.1. 4-AP detection...................................................................................................... 106
6.3.1.1. Effect of aryl acylamidase (AAA) on 4-AP detection signal................... 110
6.3.1.2. Interference in 4-AP detection from direct oxidation of paracetamol.... I l l
6.3.1.3. Interference from other phenols...................................................................112
Vll
6.4 D iscu ssio n ...........................................................................     113
Chapter 7 : General Discussion....................................................119
Chapter 8 : Conclusions...............................................................123
Future Work.................................................................................. 126
Appendices..........................................................................  127
Bibliography................................................................................. 140
vin
Abbreviations
AAA : aryl acylamidase
4-AP : 4-aminophenol
APS : ammonium persulphate
APAP : paracetamol (acetaminophen)
CA ; cellulose acetate
CV : coefficient of variation
DMF : A,Mdimethylformamide
E-QCM : electrochemical quartz crystal microbalance
f ( Z m i n )  or fs : series resonance
f(Zmax) or fp ; parallel resonance
GA : glutaraldehyde
HPLC : High Performance Liquid Chromatography
IP A : isopropyl alcohol
KPS : potassium persulfate
LC-MS : Liquid Chromatography -  Mass Spectrometry
MeOH : methanol
mM : mmol / L
NMR : Nuclear Magnetic Resonance
nM : nmol / L
PEI : polyethylenimine
PP : potassium periodate
PVA : polyvinyl-alcohol
QCM : quartz crystal microbalance
SEM : scanning electron microscopy
SH : salicylate hydroxylase
Zmax or Zs ; impedance at parallel resonance
Zmin or Zs : impedance at series resonance
IX
Chapter 1 
Introduction
1,1 Biosensors
Over the past three decades there has been a tremendous amount of activity in the area of 
sensors. Biosensors are small devices that use specific biochemical reactions in order to 
quantitatively detect chemical compounds, usually by electrical, thermal or optical signal. 
These reactions are mediated by isolated enzymes, antibodies / antigens, tissues, 
organelles, or whole cells. Such devices hold great promise for the health care and 
pharmaceutical companies. The major processes involved in any biosensor system are 
analyte biorecognition, signal transduction and read-out (Figure 1.1).
Solution-
Sample
-► Analyte —
+
Biochemical
Recognition
Entity
[Intermediate]
Enzyme 
Whole cell 
Antibody 
Micro-organism 
DNA 
RNA
Enzyme-Substrate
Antibody-antigen
Active - 
Product
Signal
Output
O
  Light
Ion 
~  Electron
— Mass/viscoelasticity
3tical Biosensors
Conductivity Biosensors 
Amperometric Biosensors 
Piezoelectric Quartz Crystal Biosensors 
Figure 1.1. Major processes involved in a biosensor and choice of transducer.
An ideal biosensor must fulfil some specific requirements. These requirements are i) easy 
to use ii) easy to calibrate iii) sensitive iv) precise v) analyte specific vi) rapid response
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vii) small-portable viii) reliable-reusable-robust and ix) capable of handling complex 
media with minimum interference.
1.1.1 Areas of application
Biosensors have a wide range of application. The main areas of application are in medical 
diagnostics, environmental diagnostics and food biotechnology. For example biosensors 
can be used in medical diagnostics for self-monitoring of metabolic indicators, for 
measuring fitness and athletic performance or for critical care monitoring. Examples of 
sueh biosensors are those that have been developed for the determination of creatinine, 
glucose, pyruvate, bilirubin, galactose, amino acids or peptides and for monitoring drugs 
(Wang, 1999, Pearson et. ah 2000, Hilditch & Green, 1991). In environmental diagnostics 
biosensors can be applied for measuring toxic gases, waste fumes and pollutants such as 
pesticides in drinking water. Examples being biosensors for di-nitrophenol, phenyl- 
acetate, terbutryn, atrazine, parathion and polychlorinated biphenyls (PCBS) (Wang, 
1999, Marco & Barcelo, 1996). Finally, biosensors can be used in food biotechnology for 
monitoring fermentation processes or for assessing food ripeness.
Screen-printed electrochemical sensors have been applied for the determination of 
various analytes. Naturally oceurring biomolecules such as glucose, lactate, lactose, urie 
acid, cholesterol, volatile sulphur-containing compounds, DNA and RNA can be 
analysed using such sensors. Environmental and industrial application of screen-printed 
electrochemical sensors include analysis of compounds such as formaldehyde, 
hydrazines, nitrite, hydroquinone, phenol, salicylate, metals, pesticides and herbicides 
(Hart & Wring, 1997).
The quartz crystal microbalance sensor has been used as gas phase detector for organic 
vapours (Guilbault & Jordan, 1988), environmental pollutants (Guilbault & Luong, 1988) 
and chromatography detectors (Konash & Bastiaans, 1980). It has also been used as an 
immunosensor (Morgan, et.al 1996, O’Sullivan & Guilbault, 1999). Immunosensors use 
antibodies / antigens as the crystal coating, offering inherent bio-selectivity. Pesticides, 
HIV antibodies, bacteria, viruses, antibodies to cocaine, human IgM, a-fetoprotein,
insulin, bile salts, and anti-fluorescein lipids can be detected using immunosensors 
(Pearson et.al 2000, Suleiman et.al 1994). Drug analysis and DNA biosensors are 
exciting new areas of application for quartz crystal microbalance sensors (O’Sullivan & 
Guilbault, 1999).
1.1.2 Need for a paracetamol biosensing method
Although the current methods for paracetamol determination used in the hospitals and 
chemical pathologies are rapid, precise, and accurate many people still die from 
paracetamol overdose because on some occasions valuable time is lost through the 
process of analysis, diagnosis and administration of the antidote. A biosensing method 
could be very useful. That is because one of the characteristics that biosensors must have 
is that they should be small and portable. Thus, a biosensor can be carried in every 
ambulance and used for the determination of paracetamol concentration during transport 
of the patient to the hospital improving the speed of analysis and treatment.
A biosensing method could also be used in the point of care testing and in the emergency 
room. A biosensor does not require laboratory staff with high technical skills to perform 
the test as it would be the case in laboratory setting. Thus, at night this method can be 
easily used by a nurse or by a general practitioner. Moreover the samples do not have to 
be carried to the clinical laboratory, change many hands and precious time be wasted. 
The analysis can be held in the emergency room immediately after patient’s arrival. 
Finally, in rural communities where they do not have facilities such as automated 
analysers or clinical laboratories, again, a biosensor could speed up the analysis.
1.1.3 Need for a carbaryl sensing method
The current methods for carbaryl determination often require extraction, clean up, and 
pre-concentration steps to obtain the desired sensitivity. These procedures must be carried 
out in well-equipped laboratories with appropriate instrumentation and trained personnel. 
In order to solve the limitations caused by chromatographic methods, the development of 
new methodologies such as sensing techniques is demanded. Moreover, biosensors can 
be applied in an on spot analysis in the area of sample collection (rivers, lakes).
1.2 Paracetamol (acetaminophen)
1.2.1 Clinical Use
Paracetamol is a non-narcotic analgesic and antipyretic drug. Unlike aspirin, it has no 
anti-inflammatory activity. The antipyretic activity of paracetamol is the result of its 
ability to inhibit the biosynthesis of prostaglandins and other substances from arachidonic 
acid. Moreover, early studies have shown a significant protective association between 
paracetamol use and ovarian cancer (Cramer et.al. 1998).
It is the most widely used over-the-counter analgesic due to its lower potential for side 
effects (gastric irritation, erosion, bleeding). It is also dispensed in combination with 
other drugs such as codeine, dehydrocodeine and dextropropoxyphene. In pure form, oral 
doses of up to four grams can be administered in a period of twenty-four hours 
(Brandeberger & Maes, 1997).
1.2.2 Metabolism and excretion in human
After therapeutic dosage, 2 % of paracetamol is excreted unchanged in the urine together 
with a glucuronide conjugate (45-55 %), a sulphate (20-30 %) and 15-55 % as cysteine 
and mercapturic acid conjugates (Rang, 1999) (Figure 1.2). Peak plasma concentrations 
are reached in 30 - 60 minutes after paracetamol administration. The plasma half-life of 
paracetamol with therapeutic doses is 2-4 hours but with toxic doses it may be extended 
to 4 - 8 hours.
NHCOCH,
sulfate
Paracetam ol
NHCOCH.
NHCOCK
OH
P 450
Mixed Function 
O xidase
NGOCK
glucuronide
Toxic Intermediate
O
glutathione
NHCOCH
glutathione
OH
Nucleophilic cell m acrom olecu les
NHCOCH
cell m acrom olecules
OH
Ii
Mercapturic acid
Figure 1.2. Pathways of paracetamol metabolism
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1.2.3 Dangers associated with paracetamol administration
Since paracetamol is easily accessible, it has become increasingly common for overdoses 
of paracetamol to be taken for suicidal intent. There are also a number of cases that are 
attributed to accidental overdose. In therapeutic doses, a small proportion of paracetamol 
undergoes cytochrome P450-mediated N-hydroxylation to form N-acetyl- 
benzoquinoneimine, a highly reactive intermediate. This metabolite normally reacts with 
sulphydryl groups in glutathione. After ingestion of large doses of paracetamol, the 
metabolite is formed in amounts sufficient to deplete hepatic glutathione. This results in 
the reaction of the toxic intermediate with sulphydryl groups in hepatic proteins causing 
cell death and centrilobular hepatic necrosis. Hepatic damage may also be accompanied 
by renal damage and failure.
In adults, hepatotoxicity may occur after ingestion of a single dose of 10 to 15 grams 
(150 to 250 mg / kg of body weight) of paracetamol. Doses of 20 to 25 g or more are 
potentially fatal. Symptoms that occur during the first 2 days of acute poisoning by 
paracetamol may not reflect the potential seriousness of the intoxication. Nausea, 
vomiting, anorexia and abdominal pain occur during the initial 24 hours and may persist 
for a week or more. Clinical indications of hepatic damage appear within 2 to 4 days of 
ingestion of toxic doses. Severe liver damage occurs in 90 % of patients with plasma 
concentrations of paracetamol greater than 300 mg/L at 4 hours or 45 mg/L at 15 hours 
after the ingestion of the drug. Minimal hepatic damage can be anticipated when the drug 
concentration is less than 120 mg / L at 4 hours or 30 mg / L at 12 hours after ingestion 
(Hardman, 1996, Timbrell, \99\, Amàm et.al. 1991, Black, 1984).
The treatment of a paracetamol overdose is the administration of an antidote, A-acetyl- 
cysteine, which can be administered intravenously or orally. The antidote restores the 
liver's capacity to produce glutathione for combination with the benzoquinoneimine, and 
appears to have further protective effects on the liver. In order for the antidote to be 
highly effective, it must be administered within 12 hours of overdose (Rang, 1999). Thus, 
it is important to be able to deteet paraeetamol rapidly and accurately.
1.2.4 Analysis
Gas liquid chromatography (GLC) and high performance liquid chromatography (HPLC) 
have excellent accuracy and reliability in the determination of paracetamol in biological 
samples but require expensive instrumentation, high technical skill, and sample 
preparation. They are mostly used as reference methods for the determination of 
paracetamol and have less use in clinical laboratory.
The method that is currently used in hospitals for the determination of paracetamol is a 
eolorimetric technique whereby paracetamol is cleaved by aryl acylamidase to 4-AP, 
whieh then reacts with o-cresol and ammoniacal copper sulphate to give a blue dye 
(Hammond et.al. 1984) This method is rapid, simple, accurate, specific with detection 
range of 0-2.5 mmol / L and free from interferences (Brown et.al. 1983, Roberts et.al. 
1985, Price et.al. 1983). This method is also available in kit form and has been modified 
to operate on automated clinical analysers using spectrophotometry (Morris et.al. 1990).
L3 Aspirin (acetylsalicylic acid)
1.3.1 Clinical Use
Aspirin is one of the most commonly used therapeutic agents worldwide. In the past, 
aspirin was used as an antipyretic, analgesic and anti-inflammatory drug but recent 
studies have suggested that aspirin have a positive effect in a number of other clinical 
conditions. As a result of its anti-platelet action, low dose of aspirin is effective in 
cardiovascular disorders. Moreover, epidemiological studies have suggested that regular 
and sustained use of aspirin reduces the risk of cancer of the colon and possibly also 
rectal cancer. Finally, aspirin has been used to treat radiation-indueed diarrhoea (Rang, 
1999). The usual oral dose for adults to relieve mild pain and fever is 325-975 mg daily. 
In the treatment of rheumatoid arthritis, oral doses of 3 g to 5 g daily are administered 
(Brandenberger, 1997).
1.3.2 Metabolism and Excretion
After therapeutic dosage, aspirin undergoes metabolism, mainly hydrolysis by blood, and 
liver esterases to salicylic acid, then hydroxylation to gentisic acid and conjugation with 
glucuronic acid and glycine. The formed glycine and glucuronic acid conjugates are 
saturable, and therefore the half-life for elimination increases with increasing doses and 
the steady-state blood level therefore increases disproportionately with increasing dose. A 
single dose is eliminated in the urine as salicylic acid (5 %), salicyluric acid (80 %), 
salicyl phenolic glucuronide (10 %), and salicyl acyl glucuronide (5 %) (Figure 1.3) 
(Brandenberger, 1997, Timbrell, 1991).
Acetylsalicylic acid
O CO CK
COOH
Salicylic acid 
.OH
'-glue
COOH
COOH
OHOH
CO NHCHXOOHCOO-Gluc
Phenolic glucuronide Ester glucuronide Salicyluric acid
Figure 1.3. Pathways of aspirin metabolism.
1.3.3. Dangers associated with aspirin administration
Aspirin and other salicylates are still a common cause of human poisoning, and account 
for a significant number of deaths each year. The therapeutic blood level is greater than 
150 mg / L but symptoms of toxicity occur at blood levels of around 300 mg / L or higher 
(Timbrell, 1991). The plasma half-life for aspirin is approximately 15 minutes; for 
salicylate is 2-3 hours in low doses and about 12 hours at usual anti-inflammatory doses. 
The half-life of salicylate may be extended as long as 15-30 hours at high therapeutic 
doses or when there is intoxication (Hardman, 1996).
Generally, ingestion of doses larger than 150 mg / kg can produce toxic symptoms such 
as tinnitus, nausea, and vomiting. Serious toxicity can be seen with aspirin ingestion 
greater than 400 mg / kg with severe vomiting, hyperventilation, hyperthermia, 
confusion, coma, convulsions, hyper- or hypoglycaemia, and acid-base disturbances. The 
Done nomogram can be utilised as an aid in interpreting a given salicylate level as long 
as the blood sample was not drawn prior to six hours after ingestion (Amdur, 1991).
There is no antidote for salicylate poisoning. Treatment apart from gastric lavage and 
aspiration to remove the drug from the stomach involves i) correction of the metabolic 
acidosis with intravenous bicarbonate ii) correction of solute and fluid loss and 
hypoglycaemia with intravenous and dextrose and oral fluids iii) sponging of the 
patient with tepid water to reduce hyper-pyrexia. Haemoperfusion and haemodialysis 
may be used in very severely poisoned patients (Timbrell, 1991).
1.3.4 Analysis
Rapid determination of plasma salicylate concentrations is vital to confirm a diagnosis of 
salicylate poisoning and assess its severity. The biochemists in hospital prefer 
colorimetric methods which involve the formation of a purple complex with ferric salts in 
weakly acid solution and measurement of the absorbance at 540 nm (Keller, 1947). The 
method that is most widely used includes mercuric chloride in the colour reagent to 
precipitate proteins that produce interferences (Trinder, 1954) Spuriously high results can
be obtained from plasma samples of patients with diabetic ketoacidosis and other 
conditions such as Reye’s syndrome where an excess of keto-acids react with ferric ions 
to give a coloured complex (Kang et.al 1983, Brings, 1973, Jarvie et.al 1987). An 
enzymatic kit is available commercially. This assay is based on the conversion of 
salicylic acid to catechol in the presence of salicylate mono-oxygenase and NADH, 
which then reacts with 4-aminophenol at high pH to give a blue product (Chubb et.al 
1986). This is a highly specific procedure, which requires only 50 pL of sample. The 
accuracy and the precision of this and the Trinder method (1954) can be compared very 
favourably with the HPLC method (Jarvie et.al 1987).
L4 Phenols and phenolic compounds
4-Aminophenol (4-AP) is reported to have significant nephrotoxicity and teratogenic 
effects (Yesilada et.al 1991). 4-AP is also a metabolic product of the insecticide 
parathion, and of aniline pollution in the body and is excreted in urine as glucurono- and 
sulfo- conjugates (Van Bocxlaer et.al 1997). A rapid method of 4-AP determination 
would therefore offer both environmental and biomedical benefits.
1.5 Sensing Techniques
The sensing techniques that are mainly used are three. These are electrochemical sensing, 
optical sensing and quartz crystal microbalance sensing.
1.5.1 Electrochemical sensing
1.5.1.1 Amperometric biosensor
This sensing system uses three electrodes: a working electrode where the detection 
occurs, a reference electrode and a counter electrode. The amperometric sensor measures 
electron flow while maintaining a constant applied potential to drive the direction of 
electron flow to or from the redox molecule to be monitored. The enzyme-based sensor is 
the device mostly used in this category. The key advantage of this method is the 
insensitivity to chromogens and sample turbidity, which allows whole blood samples to
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be analysed (Pearson et.al 2000). The main disadvantage is the interference by the 
presence of background reducing species such as ascorbate and urate, which are 
electroactive under conditions required for analysis. Other problems to overcome are 
immobilisation and protection of the enzyme, biocompatibility issues and the use of 
membranes to handle interference.
Paracetamol is an electroactive substance (Equation 1.1). Thus, it can be analysed using 
an amperometric sensor (Gilmartin & Hart, 1994, Jones et.al 1990, Christie et.al 1993) 
without the use of an enzyme. The main problem of the sensor developed by Christie was 
the interference from other electroactive species. The use of a membrane such as 
cellulose acetate removed the interference from ascorbate and urate oxidation but other 
electroactive substances with the same molecular weight as paracetamol such as 
catecholamines will pass through the membrane and interfere with the measurement. 
Bramwell (1990) detected electrochemically paracetamol by enzymatic hydrolysis of the 
latter to 4-aminophenol an electroactive substance with a lower oxidation potential than 
paracetamol (Equation 1.2).
MHCOCK
OH
Paracetamol
NH2
OH
4-aminophenol
NGOCH.
+  2H+ +  2e
(1 .1)
O
N-acetyl-quinone-imine
NH
+  2H+ +  2e (1.2)
O
p-quinone-imine
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1.5.1.2 Potentiometric biosensor
This type of sensor measures the change in the potential, which is proportional to the 
logarithm of ion activity. The relationship is described by the Nernst equation:
T?T
£  = £ » + - ^ l n a „  (1.3)
ZP
where E is the electromotive force, E^ is the electrode standard potential, R the gas 
constant, T the absolute temperature, z the ion charge, F the Faraday constant and am the 
activity of the measured ion. Potentiometry is less sensitive than amperometry. The 
detection limit is usually of the order of micromoles per litre. The potentiometric 
electrodes are influenced by solution conditions such as pH and ionic strength. Also 
interference from other ions cause a lot of problems (Pearson et.al. 2000)
1.5.2 Optical sensors
This type of sensing system measures optical change in the intensity of light absorbed or 
emitted at a particular wavelength. The major advantages of optical sensors are that i) no 
reference electrode is needed ii) there is no electrical interference to contend with iii) 
they can respond simultaneously to more than one analyte using multiple immobilised 
reagents with different wavelengths for response iv) multi-wavelength measurement can 
be made to monitor changes in the state of the reagent v) whatever the biorecognition 
chemistry, the outcome can be followed in a non-destructive manner and finally vi) they 
are non-toxic, chemically inert, small and flexible and can thus be directed to precise 
locations in vivo via catheters and hypodermic needles. The disadvantages of optical 
sensors are that i) they are dependent on reagent phases ii) subject to background light 
interference iii) they have limited dynamic range compared to electrochemical sensors iv) 
there are problems of long term stability of reagents under incident light and v) the 
response time might be long (Pearson et.al. 2000, Eggins, 1996). An optical sensor for 
the detection of paracetamol in blood (AcetaSite blood acetaminophentest, Cambridge 
Life Sciences) has been developed. The analysis time is around 150 s. The major problem 
with the test is that in many samples the plasma paracetamol concentration levels are 
overestimated (Egleston et.al. 1998).
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1.5.3 Quartz crystal microbalance sensor
A quartz crystal microbalance (QCM) operating in a thickness-shear-mode (TSM) 
consists of a thin disc with electrodes (usually gold) deposited on each face of the crystal, 
usually AT-cut quartz. The application of an oscillating electric field to the quartz 
produces internal mechanical stress. A shear wave propagates in a direction perpendicular 
to the plane of electrical excitation of the quartz. Only the region between the electrodes 
is piezoelectrically active. Any change in the mass of material on the surface will change 
the resonant frequency of the crystal. The magnitude of shift can be related to the mass 
and viscoelastic properties of the material adsorbed (Figure 1.4). The frequency of the 
piezoelectric quartz crystal vibration depends on parameters associated with the phases 
adjacent to the crystal and on the physical properties of the crystal itself (e.g. size, cut, 
density, and shear modulus) (Bunde et.al. 1998). The frequency shift of the piezoelectric 
crystal is proportional to mass change and can be described by the Sauerbrey equation 
(Sauerbrey, 1959) (equation 1.4) for a mass sensor when a thin, rigid and uniform film of 
mass is adsorbed to a dry crystal and by the Kanazawa and Gordon equation (equation 
1.5) (Kanazawa & Gordon, 1985) for the crystal immersed in liquids. The Sauerbrey 
Equation is not valid for thick films, viscous liquids, elastic solids and viscoelastic 
bodies. The Kanazawa and Gordon equation, which is valid for Newtonian liquids, does 
not consider the damping of the resonator from viscous loading.
A / = ---- , ^  = -Cbm  (Mass sensor) (1.4)
¥  = - f ï ^  (Liquids) (1.5)
where A /= measured frequeney shift, in Hz; fo= the fundamental resonant frequency, in 
Hz; Am = mass change, in g; A = piezoelectrically active area, in cm^; pq = shear 
modulus of quartz = 2.947 x 10*' g cm’^ ; pq = density of quartz = 2.648 g cm'^; C = mass 
sensitivity constant (based on type of crystal used), in (sg)'*; r\L = the viscosity of the 
liquid and pl = density of liquid, in g cm'^ (Bunde et.al. 1998).
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A typical signal obtained by the impedance analyser has Z^in and Zmax turning points. 
This can be explained by the Butterworth-Van Dyke (BVD) equivalent circuit for the 
unperturbed quartz crystal microbalance (Figure 1.4).
Cl Ri Li
Go
Figure 1.4. Butterworth-Van Dyke equivalent circuit for the unperturbed quartz crystal 
microbalance: a static capacitance Co in parallel with a motional branch.
The circuit elements can be related to the physical properties of quartz, the perturbing 
mass layer and the contacting liquid. The motional capacitance Ci can be seen as a 
representation of the compliance of the quartz, the motional inductance Li, represents the 
total oscillating mass and the motional resistance Ri  ^characterises the sum of the losses 
due to the motion of the quartz including internal friction in the quartz, losses in the 
liquid, and mounting losses. Co is the static capacitance of QCM. The frequencies at Zmin 
and Zmax correspond to the natural modes of the resonator under short-circuit and open- 
circuit conditions which are termed the series resonant frequency and the parallel 
resonant frequency ifp) respectively. When the crystal is short-circuited the resonant 
condition will be determined by the motional arm impedance (Ci, Ri, Li in series) while 
under open-circuit conditions it will be determined by the impedance of the motional arm 
in series with Co (Rodahl et.al. 1996). The series and the parallel resonant frequencies are 
given by:
1
f s  ~
1 (1.7)
The impedance at Zmin is given by Z = 1 _ % + 1 ptj
9 /
(1.8)
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Where Ymax= the measured maximum admittance (reciprocal of impedance); r|q= 
effective quartz viscosity; ^piezoelectrically stiffened quartz elastic constant; N=
overtone or harmonic number; p= liquid mass density; r|= liquid shear viscosity; pq= 
quartz mass density (Martin et.al 1991). The impedance at resonance series (Zmin) is 
proportional to the viscosity and the density of the liquid. Thus an increase in the 
viscosity of the liquid will result in an increase in the impedance.
The advantages of QCM are the solid state of construction, chemical inertness, durability, 
low cost, high sensitivity, mass production, the absence of any requirement to use a label 
to follow the mass reaction and quartz crystal’s resistance to high temperatures (Pearson 
et.al 2000). The disadvantages of quartz crystal microbalance are the sensitivity to 
environmental conditions (viscosity changes), the difficulties associated with 
immobilisation procedures and the lack of an exact correlation between mass addition 
and frequency change for solution phase sensing (Bunde et.al 1998). In liquid 
applications multiple effects occur simultaneously. The mass effect that causes a 
frequency shift in the gas phase engender a similar response in the liquid phase, but 
viscosity changes produce frequency shifts and a signal attenuation, requiring the use of 
an appropriate algorithm to separate the effects (O’Sullivan & Guilbault, 1999). The 
biggest drawback of the QCM is that it is non-specific (O’Sullivan & Guilbault, 1999). 
The reason is that apart from the analyte of interest, many other species can be adsorbed 
or deposited on the electrode’s surface and produce a change in the resonant frequency.
1.6. Rationale for QCM selection over the other sensors
Efforts in developing electrochemical and optical sensors for paracetamol determination 
as well as for other analytes have been extensively reported in literature. An optical 
biosensor for paracetamol detection is currently under evaluation before is been released 
in the market. The great advantage of the sensor is that it can produce a result in less than 
3 minutes. However there are some problems associated with the assay. Dilution is 
needed for samples containing paracetamol levels above 1.3 mM, haematocrit in the
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blood samples needs to be less than 60 % in order to wet the card properly, the accuracy 
of the test is poor and finally it overestimates plasma paracetamol levels in a considerable 
number of cases.
Over the years, continued publications in the method development for the determination 
of various analytes and especially paracetamol demonstrate the need for alternative 
techniques in the detection of these analytes. There are a great number of methods that 
have been developed for the detection of the latter analytes, the majority of them based 
on electrochemical and optical techniques. The quartz crystal microbalance technique has 
never been reported before in the detection of these substances and it could be an 
alternative approach in their determination. The major advantage of QCM sensor over the 
other techniques (electrochemical, optical) is that QCM is free of interference from other 
electrochemical active compounds or chromogens. Paracetamol, salicylate, earbaryl and 
phenolic compounds could be determined by the QCM based on the reaction of 4-AP 
with other phenols (namely: catechol, 1-naphthol, o-cresol) to produce precipitates. The 
lack of specificity of the QCM technique can be overcome by the enzymatic conversion 
of paracetamol or salicylate to the respective phenol, which then can react with a phenol 
and form a single product, an indophenol dye which precipitates. Thus, the change in 
crystal frequency can be related only to paracetamol or salicylate concentration. The 
development of quartz crystal microbalance techniques for glucose and cholesterol 
determination using a two-reaction system have been reported in the literature (Reddy 
et.al. 1998, Martin et.al. 2003) showing the viability of paracetamol and salicylate 
determination using this technique.
1.7 Aim and objectives
The aim of this thesis is to develop quartz crystal microbalance sensors, for the detection 
of substances of environmental and biomedical significance such as earbaryl, 4-AP, 
paracetamol and salicylate and assess the analytical aspects of these sensors. Their 
determination will be based on the production of precipitate from the reaction of 4-AP
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with other phenols. The detection of paracetamol and salicylate will be achieved by using 
an enzyme-based analyte-specific precipitation technique.
The objectives o f the thesis are
a) to optimise the conditions of the phenolic reactions in order for a large and rapid 
signal to be obtained
b) to investigate the effect of substances that have the ability to accelerate the speed 
of the phenolic reaction and the formation of the precipitate such as free radical 
initiators and oxidising reagents
c) to assess the mechanisms of action of these substances
d) to study the viability o f incorporating dry reagent chemistry techniques in these 
sensors
e) to investigate the effectiveness of immobilising enzymes on the surface of the 
quartz crystal and
f) to study possible applications of electrochemical quartz crystal microbalance 
technique in the detection of the above analytes.
NHCOCH3
Paracetamol [I J I Salicylic add
COOH
NH3
^  ir
OH ,
Indophenol Products
Adsorption
A/s
Figure 1.5. Diagram of QCM detection strategy.
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Chapter 2 
General Experimental Section
2.1 Materials
4-aminophenol (99 %), o-cresol (99 +%), potassium periodate, potassium persulphate (99 
%), ammonium persulphate (98 +%) salicylate, catechol (99 %), /7-benzoquinone (98 %), 
resorcinol (99 %) silver nitrate solution (0.00098 N), cystamine dyhydrochloride (98 %), 
cellulose acetate (average MW 30000) and paracetamol (98 %) were purchased from 
Aldrich (Dorset, U.K.). Sodium chloride (99.9 %) was obtained from BDH (Poole, U.K.). 
Trizma base, trizma hydrochloride, p-NADH (~98 %) salicylate hydroxylase, aryl 
acylamidase from Pseudomonas fluorescens, polyethyleneimine (PEI) 50 % w / v, 
polyvinyl alcohol (PVA) and glutaraldehyde solution, 50 wt. % in water, were purchased 
from Sigma (Dorset, U.K.). Phosphate buffered saline (PBS) tablets were purchased from 
Oxoid (Basingstoke, UK) Dimethylformamide, acetone and methanol (ACS reagent) 
were purchased from Fisher (Loughborough, UK). The 8.2mm diameter AT-cut quartz 
crystals of nominal 10 MHz resonance frequency were obtained from IQD (Crewekeme, 
U.K.). Hypersil 15 x 4.6 mm Cig (ODS) column was used in the isocratic and in the 
gradient elution HPLC system supplied from Phenomenex. Distilled water was used in 
the preparation o f solutions.
2.2 Methods
2.2.1 Solution preparation
Tris buffer was prepared by dissolving trizma base (4.36g) and trizma hydrochloride 
(2.21 g) in IL of distilled water (pH 8.5, 0.05 M). Phosphate buffered saline was prepared 
by dissolving one tablet in 100 mL of distilled water (pH 7.3, 10 mM) and then adjusting 
the pH to 8.5 by using 1 M NaOH. Twenty mM stock solutions of 4-AP were prepared by 
dissolving 0.109 g of 4-AP in 50 mL of Tris buffer or PBS. o-Cresol solution was
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prepared by dissolving 0.108 g o-cresol in 5 mL Tris buffer to give a 200 mM stock 
solution. The 4-AP solution was prepared fresh daily and stored at 4 °C in the dark when 
not in use. The other phenols used, were prepared every two days and were stored at 4 °C 
when not in use. Solutions of APS (200 mM), potassium persulfate (100 mM due to low 
solubility) and potassium periodate (80 mM) were also prepared in Tris buffer or PBS. 
The initiator solution was stored at 4 °C in the dark and the Tris buffer was stored at room 
temperature when not in use and new solutions were prepared every week.
2.2.2 Quartz crystal coating with gold -on-chromium.
Thirty-two uncoated (blank) quartz crystals were inserted into a steel mask (Figure 2.1), 
which was specifically designed for coating the quartz crystals. Before insertion, the 
crystals were cleaned free of dust by placing them in a beaker containing acetone and 
then sonicating them for two minutes using a CAMLAB Serving Science Transsonic 
T460/H model. The crystals were then rinsed in another beaker containing iso-propanol 
and then were removed and left to dry on dust free aluminium foil. The electrodes (gold- 
on- chromium) were vapour-deposited onto each side of the crystals by using a general 
evaporator. The vacuum pump lowered the pressure in the chamber of the evaporator to 
10"^  Pa and then the applied voltage was slowly increased to allow the evaporation and 
deposition of chromium first and then of gold onto the crystal surface. The same 
procedure was followed for the other side of the crystal.
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Wing nuts
Steel mask (Top) 
Coated Quartz crystals
i
Steel mask (Bottom) 
Screws
b)
Figure 2.1. a) Schematic representation of the steel mask b) Photo image of the mask used for 
the quartz crystal coatings with gold-on-chromium electrodes.
2.2.3 Crystal installation into sample chamber
Figure 2.2 shows the sample chamber assembly in all solution experiments. The coated 
crystal was placed on top of the cell base above the brass button. The brass button 
allowed connection of the bottom electrode of the quartz to the electrical circuit. A gold 
wire allowed connection of the top electrode of the crystal with a pin. Gold wire was 
immobilised on both ends by using silver paint. The pin and the brass button were then 
connected externally to either an impedance analyser or a frequency counter as shown in 
Figure 2.3.
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Spnng loading
Top Electrode Bottom Electrode 
(earthed)
Figure 2.2. a) Schematic of the sample cell used to house the AT-cut quartz sensor b) 
Photo-image of the sample cell parts.
Impedance Analyser Computer Frequency Counter
Oscillator box
Magnetic Stirrer 
Figure 2.3. Schematic of experimental set-up.
After the silver paint had dried, the cell top was fitted to the cell base and then the clamps 
were adjusted to keep the cell top and base united (Figure 2.2). An 0-ring was used for 
keeping the reaction chamber liquid-sealed.
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2.3, Apparatus
The quartz crystals thus produced with gold (lOOnm)-on-chromium (5nm) electrodes on 
either side, had an active sensing area of 18 mm^. The crystal was mounted in the base of 
a cylindrical test cell using 0-rings (Figure 2.2). Only one face of the crystal was exposed 
to the test liquid while the other was exposed to air. A Hewlett-Packard impedance 
analyser model 4194A coupled to a computer was used to record the crystal impedance 
(Zs) and frequency at series resonance ifs) (Figure 2.3). An in-house built crystal 
oscillator (Eichelbaum et.al 1999) coupled to an Agilent 53131A frequency counter was 
also used to more sensitively detect fs (±1 Hz).
' A  , - ./A # - '
Figure 2.4. Photo-images of the experimental set-up and the coated quartz crystals.
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A typical frequency (J) vs impedance profile for a crystal in aqueous buffer can be seen in 
Figure 2.5. It has turning points |Z|mm and |Z|max-
7 5 0 0
6 0 0 0
^  4 5 0 0
G 3 0 0 0
1500
izi.
9.90x10® 9.92x10®9.88x10® 9.94x10® 9.96x10® 9.98x10®
F requency  (Hz)
Figure 2.5. Typical |Z| versus frequency characteristic for a quartz crystal immersed in 
aqueous solution.
As the reaction in the cell proceeded, the impedance |Z|max, |Z|min and the respective 
frequencies at |Z|max (/(Zmax)) ovfp and at |Z|min (/(Zmin)) ovfs were monitored. |Z|mm and 
^Zmin) were adopted as the indicator of the reaction, when the impedance analyser was 
used, because fp measurements could be prone to changes in the conductance of the 
solution (Janshoff et.al 2000).
2,4. Computer software
Hewlett-Packard HPIB 82335A card was used to interface the computer with an 
Impedance analyser or frequency counter. The software that the computer was using to 
control and interrogate the Impedance Analyser was written in Qbasic by Dr Reddy. It 
simultaneously plotted the fs, Zg versus time and the impedance over a frequency range. 
The frequency counter was driven by software also programmed in Qbasic by Dr Reddy, 
which plotted fs versus time. The data collected were analysed using Easyplot software.
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Chapter 3
Quartz crystal investigation of phenolic reactions and precipitate 
formation
3,1 Introduction
Phenol and phenolic compounds such as cresol, resorcinol, 1-naphthol and 4- 
aminophenol (4-AP) are important starting materials in a broad range of industrial 
processes. They are used in the manufacture of dyestuffs, plastics, antioxidants, 
formaldehyde resins and artificial tanning agents (Walter, 1997). They are also used in 
many organic syntheses. The industrial waste produced by these processes contributes to 
environmental pollution. They are considered as air and potable water pollutants due to 
their biological effects on humans. Phenols can cause dermatitis, irritation of respiratory 
organs, digestive disturbances, symptoms of blood degeneration, emaciation, nephritis, 
gangrene and jaundice (Jacobs, 1949).
The detection of various phenolic substances based on phenolic reactions has been 
reported extensively in the literature (Reddy, 2000, Mohamed et.al. 1997, Korany et.al. 
1982, Khalaf et.al. 1993). The determination is usually based on the formation of a 
product that absorbs light at a specific wavelength. Substances of biomedical significance 
such as paracetamol (acetaminophen) or salicylate have also been detected by this 
principle. In summary, paracetamol and salicylate were enzymatically converted to 4- 
aminophenol and catechol respectively and then reacted with another phenol to form an 
indophenol dye, which then could be measured spectrophotometrically (Vila et.al. 2001, 
Yidmmoà et.al. 1984).
In most of the above methods, the formation of the dye was assisted by another substance 
that was used as ‘catalyst’ of the phenolic reaction. Examples of compounds used as 
‘catalysts’ are potassium periodate (KIO4) (Khalaf et.al. 1994), a strong oxidising agent, 
ammonium persulphate (APS) (Reddy, 2000), a free radical initiator, Fe^\ Ce"^  ^
(Mohamed et.al. 1997), MnCIi (Bocxlaer et.al. 1997). Alteration of the stoichiometry of
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the phenolic reaction and of the concentration of the phenolic substances can lead to the 
formation of precipitates due to the low solubility of the indophenol dye in aqueous 
solution. Similarly to the spectrophotometric methods, an initiator can be used to 
accelerate the reaction speed and precipitate production. The precipitate formation can be 
monitored using the quartz crystal sensor. Reddy was the first to report the use of 
initiators (APS) in conjunction with quartz crystal sensors to increase the rate of 
precipitate formation. In sensor assay development, short analysis times are very 
important. Therefore, in this chapter, the effect of two totally different initiator 
substances namely potassium periodate and APS on the speed of the reaction between 4- 
AP and o-cresol is described, in an effort to shorten the quartz crystal detection time.
3.2 Experimental Section
3.2.1 Materials
The materials used, have been covered in chapter 2.
3.2.2. Methods
3.2.21. Reaction of 4-aminophenol with o-cresol
The response of the crystal to the phenol reaction was determined as follows: after 
removing the water from the cell chamber. Tris buffer (50 mM, 200 pL), phenol (200 
mM, 200 pL), 4-AP (200 pL) and APS (200 mM, 200 pL) were introduced in that order 
at set time intervals. The response of the crystal to the subsequent formation of the 
insoluble dye product was recorded as a change in Zg and fs with time. At the end of every 
reaction, the chamber was washed twice with acetone (2 mL) and once with 
dimethylformamide (1 mL) (to remove the adsorbed dye) and then three times with 
distilled water (3 mL). All measurements were made at room temperature. The solution 
was mixed using a pipette. The reaction volume was kept constant at 800 pL.
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3.2.2.2. Artificial ageing of APS
APS (0.913 g ) was dissolved in 20 mL of Tris buffer (pH 8.5, 50 mM) or PBS. Glass 
vials (14 mL) containing 5 mL of the APS solution were transferred to a pre-heated water 
bath (50 or 67 °C). At frequent time intervals, (either every 10 min or every 30 min or 
every hour) an aliquot was removed from the water bath and put under tap water to cool 
down. Then it was stored at 4 °C.
3.2.2.3. Colorimetric detection of 4-AP
In a NUNC maxisorp 96 well ELISA plate, 50 pL Tris buffer, 50 pL o-cresol (200 mM), 
50 pL 4-AP (0.1, 0.2, 0.6, 1, 1.5 mM) and 50 pL APS solution (heated and not heated, 
200 mM) were added in each well, in that order. The absorbance of each well at 492 nm 
was read every 2, 4, 6, 8, 10, 15 and 30 min using an ELISA plate reader (iEMS Reader 
MF, Labsystem, UK). Every 4-AP concentration was measured in triplicate.
3.2.3. Apparatus and computer software
The apparatus, the quartz crystal coating, the crystal installation and the computer 
software used, have been extensively covered in chapter 2.
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3,3 Results
3.3.1 Choice of Initiator
In the absence of initiator, the coupling reaction of 4-AP (5 mM) with o-cresol (50mM) 
was very slow (up to 4000 s). This was suggested by the slow colour formation of the 
solution. A small signal (A/^=30 Hz) was obtained due to changes in the viscosity (t|) and 
the density (p) of the solution (Figure 3.1(b)).
Ammonium persulphate (APS), a chemical reagent that increases the speed of the 
reaction through the formation of free radicals (Srivastava and Shukla, 1977, Srivastava 
et.al 1977), has been used in the past (Reddy, 2000) to increase the speed o f the phenolic 
reaction. In the latter paper a fixed concentration of 10 mM of APS was used. Herein we 
present a study o f the effect of a range o f APS concentrations. Moreover, a second 
initiator (KIO4) and it’s effect on the speed of the reaction is tested. Potassium periodate 
has been used in spectrophotometric phenol detection methods (Khalaf et.al 1993, Hasan 
et.al 1996) as the oxidising agent to increase the speed of the phenolic reaction.
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Figure 3.1 Crystal response (a) Zs and (b) fs to the reaction of 5 mM 4-AP with 50 mM o- 
cresol using different initiators (APS, KJO4), versus time.
With APS initiator, the response profile for the 4-AP / o-cresol reaction was observed to 
have three stages. At the first stage, no precipitate is formed and therefore no changes
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occur in the impedance (250-450s) although there is an intense colour change. At the 
second stage, precipitate is formed and starts to deposit and to adsorb on the surface of 
the crystal evidenced by an increase in impedance at Zs and decrease in f  (450-3800s). 
At the third and final stage, the reaction is near to completion (i.e. all 4-AP has been 
consumed) as Zg and f  start to stabilise.
Both APS and potassium periodate improved the signal due to precipitate adsorption. 
Potassium periodate (40 mM) produced a frequency shift o f -1900 Hz while for APS (40 
mM) the shift was a factor of 9 larger and reached -18000 Hz. Potassium periodate at 
20mM had no effect on the speed of the response. Comparing the two initiators, it 
became clear the APS was not only able to improve signal sensitivity but also response 
time (Figure 3.1). APS was therefore the initiator of choice for ftirther optimisation of the 
quartz crystal sensor based on phenolic reactions.
3.3.2. Effect of a range of APS concentrations
Various concentrations of APS were tested to study their effect on the speed of response. 
Seven different final concentrations were tested (10, 25, 40, 55, 70, 85 and 100 mM) 
(Figure 3.2.).
The magnitude of shift (Figure 3.2(a)) increases with increasing APS concentration. It 
can be seen in Figure 3.2(b) that the time taken for the response to plateau (tioo) improved 
at APS concentrations at and above 40 mM. Control experiments at optimum APS 
concentration in the absence of either 4-AP or o-cresol were also performed. As 
expected no response was observed. Both experiments confirmed that the signal produced 
by the crystal was a result of the reaction between the two phenols. Although the overall 
signal of the reaction of 4-AP with o-cresol was very large, the response time was far 
from satisfactory (-70 min).
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Figure 3.2. (a) Crystal response %), to the reaction of 4-AP (5 mM) with o-cresol 
(50 mM) with increasing range of APS concentration, b) Magnitude of shift in/s with 
increasing concentration of APS.
3.3.3. Investigation of contributors to the crystal response
After the end of each experiment the reaction solution was removed and the crystal 
surface was washed with acetone, DMF and water. During those steps, particles could be 
observed in the supernatant that had not been adsorbed on the crystal surface during the 
phenolic reaction. The reaction of 5 mM 4-AP with 50 mM o-cresol in the presence of 50 
mM APS produced a frequency drop in fs of 17000 Hz. This drop might be attributed to a 
combination of events including a) the precipitate adsorbing to the crystal surface, b)
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sedimentation (precipitate that has not been adsorbed to the crystal surface) in close 
proximity to the gold surface, and / or c) viscosity and density changes of the reaction 
solution. In order to be able to distinguish between the contribution of each event to the 
measured signal, the supernatant was removed from the cell chamber and was centrifuged 
at 3500 rpm for 10 min. Meanwhile, the cell with the adsorbed precipitate was washed 
with Tris buffer. Then 4 mL of Tris buffer were added and the fs was measured. This gave 
a measurement of ~11200 Hz. Then, after the adsorbed precipitate was washed off using 
acetone and the crystal dried, the supernatant (of the centrifuged solution) was added 
(Figure 3.3). As it can be seen, the frequency drop due to mass adsorption was ~11200 
Hz {hfs between time points (1) and (3) in Figure 3.3). The change in viscosity and 
density of the reaction solution caused a drop of only 150 Hz (A/^  between time points (1) 
and (6) in graph). The remaining response (5750 Hz) was therefore due to sedimentation 
(and not adsorption). The sedimentation signal is very significant, and such interference 
might be avoided by immersing the crystal vertically into the test reaction mixture. The 
latter was not investigated. A new cell design was constructed in order to investigate the 
latter. Problems in connecting the quartz crystal with the electrical circuit and sealing the 
electrical connections arose when using the new cell design, which did not allow us to 
investigate further.
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Figure 3.3. Crystal response {fs), to the reaction of 4-AP (5 mM) with o-cresol (50 mM). 
(1) Addition of APS; (2) Removal of the supernatant and washing of the crystal chamber 
with Tris buffer; (3) addition of 4 mL Tris; (4) cleaning of the crystal chamber with 
acetone, DMF and water to remove the adsorbed precipitate; (5) dry crystal; (6) addition 
of centrifuged supernatant; (7) dry crystal.
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3.3.4. Effect of ‘ageing’ of APS on the speed of the reaction
At the beginning of the usage of APS solution as initiator of the phenolic reaction, APS 
was stored at room temperature when not in use. The crystal response characteristics to 
the reaction of 4-AP with o-cresol changed with ‘ageing’ of APS (2-3 days old). The 
magnitude of the crystal response increased as the APS solution was ‘ageing’. This 
suggested that APS had been transformed to a reactive species that was more active, thus 
altering the conditions of the reaction. The effect of APS ‘ageing’ on the speed of the 
response was therefore studied. In order to test if it was the effect of temperature or light 
or both that had affected APS solution, 4 aliquots of freshly made APS solutions were 
stored under different conditions. Two vials were stored at room temperature. One of 
them was covered with aluminium foil in order to shield it from light. The other two vials 
were stored at 4 °C. Again, one was covered with foil for protection from light. Every 
three or four days the effect of the four APS solutions on the phenolic reaction was tested 
using the quartz crystal sensor (Figure 3.4).
Comparing Figures 3.4(a) with 3.4(b) and 3.4 (c) with 3.4(d), it can be concluded that 
light does not have an effect on APS decomposition. When APS is stored at 4 °C it is 
stable for one week (Figure 3.4(a, b)) but after that, it decomposes (the increase in Aft 
from day 7 to day 15 is ~6 kHz). On the other hand, when stored at room temperature 
(Figure 3.4 (c, d)) we have a striking increase in Aft of 18 kHz over a short period of time 
(3 days) proof of the rapid decomposition of APS. This means that APS needs to be 
stored at 4 °C when not in use. Six days after APS preparation (R.T. storage) the increase 
in Aft from the original solution reached 38 kHz which is extraordinarily large if we 
consider that the signals usually obtained for this reaction using the quartz crystal sensor 
are of the order of ~3 kHz. However, the response times were doubled (from 3000 to 
6000 s). On day 10, there was eventually a decrease in Aft from ~52 kHz (day 6) to ~2 
kHz (day 10) which indicates a further transformation of the initiator to a species that 
does not enhance the phenolic coupling reaction. Interestingly, the reaction of 4-AP with
o-cresol using 15 days old APS stored at 25 °C produced a very fast response (reaction 
completed in less than 3 minutes after the APS addition) and a satisfactory decrease in ^  
(1600 Hz). On day 17, APS completely lost its activity producing a decrease in ft of only 
180 Hz.
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Figure 3.4. Effect of APS ‘ageing’ (days after preparation) on the speed of the phenolic 
reaction (5 mM 4-AP, 50 mM o-cresol, 50 mM APS) under different storage conditions, 
(a) APS stored at 4 °C and protected from light (b) APS stored at 4 °C and exposed to 
light (c) APS stored at 25 °C and protected from light (d) APS stored at 25 °C and 
exposed to light (e) Zoom in of (d)
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Table 3.1. Effect of APS ‘ageing’ on the response time and the magnitude of shift of
the phenolic reaction (APS was stored at 25 °C and was protected from light).
Days after APS preparation Reaction Time (min) Magnitude of response (Hz)
0 45 13700
3 82 31700
6 103 51400
10 68 2200
15 3 1600
17 75 177
3.3.5. Artificial ‘ageing’ of APS using thermal treatment
The results in paragraph 3.3.4 suggested that if APS was left at 25 °C for 15 days and 
then stored at 4 °C, it would improve the response time of the reaction between 4-AP and
o-cresol down to 3 minutes with a satisfactory decrease in fs. This would meet one of the 
end-user requirements of a sensor for rapid measurement. In order to avoid waiting 15 
days, the APS solution was artificially aged by heating in a water bath for a fixed time 
period. A temperature of 50 °C was tested. An aliquot of heated APS solution was 
collected every 60 min. Three hours of APS heating produced a decrease in fs similar to 6 
days of natural ageing. A higher temperature (67 °C) was therefore studied in order to 
improve the time needed for APS to reach the state that it was 15 days after original 
preparation when stored at room temperature. This time, the samples were collected 
every 30 min. One hour of heating produced an APS solution, which had a similar effect 
on the speed of the phenolic reaction with the original preparation stored at 25 °C over 15 
days. Further investigation involved heating of freshly made APS solution for 40, 45, 50 
55, 60, 65, 70 and 75 min at 67 °C. The effect of those APS solutions on the speed and 
the magnitude of signal of the phenolic reaction can be seen in figures 3.5(a) and 3.5(b).
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Figure 3.5. Effect of APS heating (67 °C) (a) on time required (tioo) for the plateau 
response of the phenol reaction (5 mM 4-AP, 50 mM o-cresol and 50mM APS) (b) on 
magnitude of shift in fs.
Heating of APS solution for 65 minutes produced the best signal size (1500 Hz). Further 
investigation of the optimum time of APS heating (60, 62, 64, 66, 68 min) showed that 66 
min produces the best signal and was selected for future preparations of APS solution. 
Control experiments at optimum APS conditions in the absence of either 4-AP or o-cresol 
were also performed to investigate if under the above experimental conditions there are 
side reactions. In the absence of 4-AP no response was observed. However, in the 
absence of o-cresol a similar response was produced. This suggested that 4-AP was 
reacting with itself and the reaction between 4-AP and o-cresol was not a genuine 
response. However, the colour of the two reactions was different suggesting that 4-AP
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did primarily react with o-cresol rather than with itself. Further investigation is presented 
in next sections.
3.3.6. Identification of active component in thermally treated APS solution
In order to identify the active component in the heated APS solution, we prepared 200 
mM of APS solution, in water instead of Tris buffer. The pH was adjusted to 8.5. Then 
we heated it for 66 min at 67 °C. No fast response was observed in the reaction of 4-AP 
(5 mM) with o-cresol (50 mM) using the latter APS solution. This suggests that APS 
reacts with Tris producing a substance that is a more active initiator than APS itself. In 
order to investigate if Tris buffer does react with APS, we heated Tris buffer for 66 min 
at 67 °C. Again, no fast response was observed in the reaction of 4-AP with o-cresol 
when using the heated Tris buffer as initiator. Tris buffer consists of trizma base and Tris 
-  HCl. Therefore, it is possible that APS might react with Cl". Ammonium persulphate 
was prepared in 14 mM NaCl, pH 8.5 (that is the concentration of Cl" in Tris buffer) and 
heated at 67 °C for 66 min. No fast response was observed once again in the phenolic 
reaction. The final step that would verify the reaction of APS and Tris was to use a 
different buffer system. Phosphate Buffered Saline was selected. After the heat treatment 
of the APS solution prepared in PBS, the effect of a range of APS concentrations on the 
speed of the phenolic reaction was tested. o-Cresol did not dissolve in PBS, thus APS had 
to be tested with the 4-AP auto-reaction (Figure 3.5).
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Figure 3.6. (a) Crystal response %), to the reaction of 4-AP (5 mM) with increasing 
range of APS concentration, b) Magnitude of shift in fs with increasing concentration of 
APS.
As it can be seen, APS decomposes in PBS as well after heat treatment and not only in 
Tris buffer. The best signal appears to be when a 30 mM concentration of APS is used. 
This suggests that there is no reaction between APS and Tris compound.
The next step in the investigation of APS decomposition was to measure the pH of the 
solutions (Table 3.2).
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Table 3.2. Measurement of pH of heated (67 °C) and not heated APS solution made in 
Tris buffer or PBS.
Solution Measured pH
Heated APS (Tris buffer, pH 8.5) 1.6
Heated APS (H2O, pH 8.5) 2.6
Heated APS (PBS, pH 8.5) 1.7
Heated APS (PBS, pH 7.4) 1.8
Not heated APS (Tris buffer, pH 8.5) 8.3
Heated Tris buffer (pH 8.5) 8.5
There is a remarkable drop in the pH of the heated APS solution, whether it has been 
prepared in Tris buffer or in PBS. This drop in pH can be attributed to either ammonium 
ions, which after heating they break down to ammonia and hydrogen ions, or due to 
production of sulphate radicals (from persulfate), which then react with water molecules 
and produce hydroxyl radicals and hydrogen ions. In order to test this hypothesis, we 
prepared potassium persulfate (KPS) instead of APS, in Tris buffer, pH 8.5. Then we 
heated it in 67 °C for 66 min. The pH of KPS solution after heat treatment was 1.96, 
slightly higher than heated APS solution. The effect of heated KPS solution on the self­
reaction of 5 mM 4-AP (o-cresol does not dissolve to PBS) was similar to the heated APS 
solution (Figure 3.6). Thus, it can be concluded that the drop in pH in heated APS 
solution is due to persulfate decomposition. A mechanism of persulfate decomposition is 
presented in the discussion section. The pH difference between heated KPS and APS 
solution (1.96 vs 1.61) can be attributed to presence of the ammonium ion.
Finally, in order to demonstrate that the effect of heated APS solution is only due to the 
formation of free radicals and not a pH effect, the pH of a freshly prepared not heated 
APS solution was fixed to 1.61 by addition of concentrated hydrochloric acid. Then it 
was tested on the phenolic reaction (Figure 3.6).
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Figure 3.7. Crystal response (fs), to the reaction of 5 mM 4-AP in the presence of 50 
mM heated initiator (APS or KPS) and not heated initiator (APS, pH 1.61).
The pH of the reaction mixture started rapidly to decrease after the addition of heated 
initiator. When particle formation started to occur, the pH was 6.41 and was decreasing in 
a rate of 0.03 units per second. In order not to damage the pH meter due to particle 
formation, the pH probe was removed from the reaction mixture. When the non-heated 
APS solution with pH fixed at 1.61 was used, the pH was 7.8 after the end of the reaction.
3.3.7. Application of thermally treated APS solution 
3.3.7.1. Colorimetric methods
The heated and non-heated APS solution can be applied to colorimetric methods as the 
oxidising reagent. The possible application of APS solution on colorimetric methods is 
demonstrated here in a colorimetric detection of 4-AP. A range of 4-AP concentrations 
(0.1, 02, 0.6, 1, 1.5 mM) were tested, and a standard curve was plotted (Figure 3.7). The 
concentrations of o-cresol and APS (heated or non-heated) were kept 50 mM.
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Figure 3.8. Standard curve of 4-AP detection. The concentrations of o-cresol and APS 
were 50 mM. The absorbance at 492 nm was measured 2, 4, 6, 8, 10, 15 and 30 min after 
APS addition, (a) not heated APS solution (b) heated APS solution.
In both cases, linear plots with excellent coefficient correlation values (R^> 0 .995) were 
obtained, with measurements taken 2 min after APS addition. The reaction reached 
almost completion 6 min after heated APS addition while 15 min were needed when non- 
heated APS was used.
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3,4, Discussion
Two initiators were used to increase the speed of the reaction between 4-AP and o-cresol. 
The different effect that the two initiators had on the size of the crystal response for the 
same initiator concentrations can be explained by the different mechanisms that 
potassium periodate and APS use in order to increase the speed of the reaction. Potassium 
periodate is a strong oxidising agent. It oxidises 4-AP to a benzoquinoneimine form 
(Hasan et.al 1993), which, readily reacts with the free para-position of phenolic 
compounds (e.g. on o-cresol) by an electrophilic attack on the lone pair of electrons in the 
para position (Hardman & Limbird, 1996). Ammonium persulphate on the other hand 
acts by the formation of free radicals. A proposed mechanism of 4-AP with o-cresol for 
the latter reaction is given in the equations below (Srivastava and Shukla, 1977, 
Srivastava et.al 1977). Investigation of the mechanism of the phenolic reaction will be
S04-‘ +  HSO4- 3.1(a)
NH
OH
S 0 4 - ‘ +  H , 0
■OH +  +  HpO
H S O y  +  OH 3TC0
3.1(c)
3 T (0
+
OH
‘ 3  H H /  CH.
„ o - ^ ' _ r = C o  ’ ■>('>
[II
OH
III +  SgOgZ- -------------^  2 H S O 4 +  H O -V  \ - M = /  > = - o  3.1(f)
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presented in the next chapters.
It was found (see Figure 3.2) in the phenol reaction between 4-AP and o-cresol that 30 % 
of the crystal response was due to sedimentation of the precipitate onto the gold surface. 
This can be probably attributed to the fouling of the crystal surface by the adsorbed 
precipitate. The latter formed a layer on the crystal surface, which inhibited further 
precipitate adsorption. The sedimentation signal might be avoided by either immersing 
the crystal vertically into the test reaction mixture or increasing the active surface area of 
the crystal by the use of a porous membrane. The latter, would increase the amount of 
precipitate that is being adsorbed on the crystal surface.
The thermal decomposition of persulfate in aqueous systems has been extensively studied 
in the early 20* century. Livingston et.al (1927) suggested a mechanism of the thermal 
decomposition of potassium persulfate (Scheme 1). They also found that the 
decomposition was zero order in the more concentrated solutions and unimolecular order 
in very dilute solutions. Hydrogen ion and nitrogen appeared to accelerate the reaction.
K 2S2O 8 +  H 2O   ^ ^ K 2SO 5 +  H 2SO 4
K2SO5 + H2O  ^ ► K2SO4 + H2O2"4----—
H2O2 --------► H2O + 1/2 O2
Scheme 1: Thermal decomposition of potassium persulfate
Kolthoff and Miller (1951) found that persulfate decomposition was first order in 
aqueous solutions and was catalysed by hydrogen ion (Kolthoff and Miller, 1951). The 
rate of 100 mM K2S2O8 decomposition at 50 °C increased with decreasing pH or 
increased with increasing H^ concentration. Ionic strength did not influence the reaction 
rate in alkaline solutions. Moreover, in alkaline solution, no exchange of oxygen occurred 
between S208^ and H2O at either 50 or 90 °C. They proposed a mechanism for the 
thermal decomposition of persulfate with the assumptions that a) the uncatalysed and 
catalysed decompositions were independent reactions which occur simultaneously in
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persulfate solutions and b) reactions (1) and (4) were the rate determining steps of these 
reactions (scheme 2).
SjOg"- ____ ►2 S04- (1)
2 SO4" + 2H2O _____^ 2HSO4' + 2H0 (2) unassisted reaction
2H0 --------► H2O + 1/2 O2 (3)
SjOg^' + H’" ------- ► HSjOg-  ► HSO4' + SO4 (4)
SO4  ►SO3+ I / 2 O2 (5) assisted reaction
SO4 + H2O ------- ^ H2SO5 (6) In strong acids
Scheme 2: Thermal decomposition of persulfate.
The proposed mechanism predicted the absence of any influence of ionic strength on the 
rate of unassisted reaction but a decrease on the rate of the acid catalysed reaction with 
increasing ionic strength. They suggested that the critical complex for the uncatalysed 
decomposition was the thermally activated persulfate ion, which dissociated 
symmetrically into two SO4' . For the acid catalysed reaction, they suggested that the 
critical complex was the FIS2O8', which decomposed unsymmetrically due to the 
influence of the associated hydrogen ion. The proposed mechanism was backed up by the 
fact that the oxygen formed by the acid catalysed decomposition of persulfate was 
derived from the persulfate and that the oxygen liberated by the uncatalysed 
decomposition came from the water.
Bartlett and Cotman (1949) also found that persulfate thermal decomposition followed 
first order kinetics (79.8 °C, pH 8.0). Methanol accelerated persulfate decomposition by a 
factor of 25 when the concentration of methanol was of 1 M or higher. The sulfate radical 
does not recombine with one another appreciably for if they did so the reaction would be 
of half order with respect to persulfate ion. Bartlett and Cotman also suggested that if 
hydroxyl and sulfate radicals combined they would form Caro's acid (HSO5 ) which in
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another study found to be absent (Bartlett and Cotman, 1949). A mechanism for the 
decomposition of persulfate in the presence of 1 M methanol was proposed (scheme 3).
 ► 2  SO4 -
+ CH3 OH — ► HSO4  + SO4 ' + CH2 OH
SOT + CH3 OH  ► HSO4 - + CH2 OH
CH2 OH + S2 0 g^   p- HSO4  + SO4 + CH2 O
2CH20H _____^ CH30H + CH20
Scheme 3; Thermal decomposition of persulfate in the presence of methanol.
The mechanism of thermal decomposition of ammonium and potassium persulfate in our 
system differs form the above mechanisms because persulfate solutions are aqueous 
buffered solutions. The acidity of all heated solutions found in our experiments can be 
attributed to the first two reactions in scheme 2 and the production of hydrogen ions from 
the breakdown of water molecules. The decrease in the pH of heated persulfate solution 
has also been reported by Guchhait et.al (Guchhait, 1990). The concentration of C f in 
Tris buffer was 14 mM while in PBS buffer was 140 mM. The reaction of the sulfate 
radical with chloride ions has been studied (Chawla and Fessenden, 1975, McElroy, 
1990). In neutral and basic solutions sulfate reacts with chloride ions to produce CI2' 
(scheme 4). McElroy proposed various mechanisms of the CI2" decay. Therefore, the 
presence of CI2' radicals in heated APS solution is possible. The fact that the heated APS 
solution made in sodium chloride, did not have an effect on the phenolic reaction 
suggests that CI2' do not have a major role on the speed of the phenol reaction.
SzOg^ - ------► 2 SO4-
so4' + c r ___  ^ ct + S04^ -
Cl + cr    ^ ch'
Scheme 4; Mechanism of reaction of sulfate radicals with chloride ions.
Chawla and Fessenden have also studied the reactivity of OH towards ammonia and 
phosphate ions. The production and the characterisation of the radicals was performed by
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pulse radiolysis and electron spin resonance (ESR) studies. They found that OH radicals 
react with ammonia to form NH2 at a pH of 9 and above. At pH below 9, the intensity of 
the spectrum decreased due to the formation of ammonium ions, which have lower 
reactivity with OH. They also found low reactivity of OH towards phosphate ions and 
the production of phosphate radicals (H2PO4, HPO4' , P04^' ).
The concentration of ammonium persulfate in the solution undergoing heat treatment and 
subsequently thermal decomposition was 200 mM. Compared to the concentrations of all 
other ions (tris, phosphate ions, chloride anions, ammonia) in the two buffer systems 
used, that could theoretically react with sulfate radicals and produce other reactive 
species, sulfate radical concentration was much higher (every persulfate molecule is 
potentially breaking down to two sulfate radicals). Therefore, even if the production of 
CI2", phosphate, tris, NH2, did occur, their concentration would be lower than the 
concentration of the hydroxyl radicals resulting from the reaction of the remaining sulfate 
radicals with H2O molecules. The fact that heated APS prepared in distilled H2O (pH 8.5) 
(and therefore only hydroxyl radical would be produced) did not have the same effect as 
with heated APS prepared in Tris buffer suggests that there is a combined radical effect 
on the phenolic reaction.
The above hypothesis can only be verified by ESR studies on the heated APS solution. If 
the radicals cannot be studied directly because of broad lines in the ESR spectrum, then 
radical trapping can be used to study them. For this purpose fumarate can be used. 
Fumarate reacts with the radical to produce an adduct that has a good ESR spectrum 
(Chawla and Fessenden, 1975).
The decomposed APS solution was successfully applied to a colorimetric method for the 
detection of 4-AP. A linear standard curve of 4-AP determination was obtained in the 
range of 0.1 to 1.5 mM with two minutes analysis time and a coefficient correlation value 
of 0.996. The decomposed APS solution can also be applied in a colorimetric 
paracetamol detection method.
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The original aim of this chapter, to improve the rate of the phenolic reaction and 
precipitate formation was accomplished. Both potassium periodate and ammonium 
persulfate improved the size of the crystal response and the reaction time. Ammonium 
persulfate proved to be a more efficient initiator than potassium periodate. During the 
study of APS effect on the phenolic reaction, the observation that APS decomposes with 
time led to a study of the mechanism of APS decomposition. Possible mechanisms of 
APS decomposition were suggested. Further studies need to be carried out to identify the 
active components in the heated APS mixture. Possible applications of heated APS 
solution were also presented.
Having now established an effective QCM technique for measuring phenol, the rest of the 
thesis looks to apply this technique for the determination of phenols or phenol precursors 
of environmental and clinical significance. Special emphasis in optimising conditions 
elucidating signal species and comparison with conventional techniques is given.
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Chapter 4
Determination of Carbaryl and 1-Naphthol
4,1 Introduction
Carbaryl is a globally used pesticide. It is a wide-spectrum carbamate insecticide that 
controls over one hundred species of insects on citrus fruit, cotton, forests, lawns, nuts, 
ornamentals, and shade trees. Carbaryl is moderately to very toxic. Adverse effects can 
be produced in humans by skin contact inhalation or ingestion. Direct contact of the skin 
or eyes with moderate levels of carbaryl can cause burns. Inhalation or ingestion of very 
large amounts can be toxic to the nervous and respiratory systems resulting in nausea, 
stomach cramps, diarrhoea, and excessive salivation. Other symptoms at high doses 
include sweating, blurring of vision, and convulsions. Acute and chronic occupational 
exposure of humans to carbaryl has been observed to cause cholinesterase inhibition.
A wide range of chromatographic and spectrophotometric techniques has been developed 
and has been used for the determination of carbaryl. Liquid chromatography (LC) has 
been successfully used for the determination of trace levels of carbaryl (Moore et.al 
1995) but the most sensitive method reported to date is high performance liquid 
chromatographic (HPLC) techniques with detection levels of 5 pg / L (Lawrence & 
Leduc, 1978, Hargreaves & Melksham, 1983). Spectrophotometric methods have also 
been reported in the literature where carbaryl is detected indirectly by its conversion to 1- 
naphthol in alkaline environment (Khalaf et.al. 1993, Mathew et.al 1995, Hidalgo e la l  
1998, Cassella et.al. 2000, Daghbouche et.al. 1995).
Our determination of carbaryl (1-naphthyl N-methyl-carbamate) using the quartz crystal 
sensor is based on its alkaline hydrolysis to 1-naphthol. 1 -naphthol then reacts with 4-AP 
in excess to form hydrophobic indophenol dye species that precipitate out and adsorb to 
the surface of the crystal to produce a shift in the crystal resonant frequency. This 
frequency change, due to in-situ indophenol mass adsorption, can be related to the initial
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1-naphthol (and hence) carbaryl concentration. Thus, in this chapter we describe the 
development of a method for carbaryl and 1-naphthol detection using the quartz crystal 
sensor, which is based on a phenolic reaction.
4,2 Experimental Section
4.2.1 Materials
4-aminophenol (99 %) and ammonium persulphate (98 +%) were purchased from Aldrich 
(Dorset, U.K.). Sodium chloride (99.9 %) was obtained from BDH (Poole, U.K.). Trizma 
base, trizma hydrochloride, and carbaryl pestanal were purchased from Sigma (Dorset, 
U.K.). Dimethylformamide, iso-propyl-alcohol (IPA) and acetone were purchased from 
Fisher (Loughborough, U.K). Distilled water was used in the preparation of all solutions.
4.2.2 Methods
4.2.2.1 Solution preparation
1-Naphthol was first dissolved in 1 M sodium hydroxide (1ml) and then Tris buffer (4ml) 
was added to give a final concentration of 48 mM. Carbaryl (Img) was dissolved in 248 
pL methanol and 2.237 mL Tris (10% v/v methanol) to give a carbaryl concentration of 2 
mM.
4.2.2.2 Determination of Carbaryl and 1-naphthol
1-Naphthol was determined as follows: Tris, 4-AP, 1-naphthol and APS were introduced 
in the cell chamber in that order. For the determination of carbaryl, the latter was added 
50 s after the addition of 1-naphthol and then after 120 s (time needed for the alkaline 
hydrolysis of carbaryl to 1-naphthol), APS was added. 1-Naphthol was added in the 
determination of carbaryl because the detection limit of 1-naphthol was not low enough 
(see results). The same experimental conditions, cleaning protocols and monitoring 
techniques as in Section 2.2.1 were applied here. The apparatus used has been extensively 
covered in Section 2.3.
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4,3 Results
4.3.1 Optimisation of the reaction of 1-naphthol with 4-AP
4.3.1.1 Optimum 4-AP concentration
Firstly, we studied the effect of various concentrations of 4-AP on the speed and the 
magnitude of the response of the phenolic reaction (Figure 4.1). Although 6 mM of 4-AP 
produced the largest signal of all the concentrations tested, the reaction time was not 
satisfactory (-5300 s) (Figure 4.1). The other three concentrations tested (9, 12, 15 mM) 
produced similar reaction times (-1000 s). The 12 mM concentration of 4-AP was 
selected for all further experiments.
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Figure 4.1. (a) Crystal response (fs) and (b) reaction time of 1-naphthol (5 mM) with 
increasing 4-AP concentrations. Concentration of APS and sodium hydroxide was 40 
mM and 30 mM respectively.
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4.3.1.2 Optimum APS concentration
Having found the most suitable 4-AP concentration, we studied the effect of APS 
concentration on the reaction of 1 -napthol with 4-AP. A range of APS concentrations was 
tested (20-55 mM) (Figure 4.2).
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Figure 4.2 . (a) Crystal response (fs) and (b) reaction time of 1-naphthol (5 mM) with 4- 
AP (12 mM) and increasing APS concentrations. Concentration of sodium hydroxide was 
30 mM.
Again, with increasing concentration of APS, the magnitude of the crystal response as 
well as the reaction time decreased. At APS concentrations of 40 mM and above, there 
was a stabilisation of the signal response in terms of reaction time and frequency shift. 
Ammonium persulfate at 40 mM was used for all further experiments. The effect of
49
potassium periodate (20 and 30 mM) on the speed of the crystal response was also tested 
to verify that it has inferior action, when compared to APS, in the enhancement of the 
speed of the phenolic reaction. As expected, it produced poor enhancement on the speed 
of the reaction.
4.3.1.3 Crystal signal at lower 1-naphthol concentrations
The magnitude of response and the reaction time for the detection of 5 mM of 1-naphthol 
under the above conditions were satisfactory (A/i = -1600, 1000 s). However, much 
lower concentrations needed to be achieved in order to be applicable as a phenol / 
carbaryl sensor. The response characteristics of the phenolic reaction at a concentration 
of 1 mM of 1-naphthol were therefore studied. The 4-AP and APS concentrations were 
lowered to 2.4 mM and 8 mM respectively in order to keep the ratio of 1-naphthol: 4-AP: 
APS the same as for the detection of 5 mM of 1-naphthol (Figure 4.3). The effect of 
various APS concentrations under the above conditions was also tested (Table 4.1).
1.2
1.0
N 0.8
=
0.6
Qi
1 0.4
a
0.2
0.0
1mM 1-naphthol Control 1 Control 2
Figure 4.3. Bar chart of the initial rate of the reaction between 1-naphthol (1 mM) and 
4-AP (2.4 mM) in the presence of APS (8 mM). Control experiments in the absence of 
either 1-naphthol (Control 1) or 4-AP (Control 2) from the reaction mixture were also 
performed (n=3).
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The reaction time increased to over 8000 s. In order to avoid waiting for over two hours 
for the completion of the reaction, the initial rates (change in frequency over a selected 
time window) of crystal’s response were calculated (Figure 4.3). Control experiments in 
the absence of either 1-naphthol (control 1) or 4-AP (control 2) were also performed to 
verify that the reaction of 1 -napthol with 4-AP was a genuine response. As it can be seen, 
there was a distinct difference between the rate of the phenolic reaction and the control 
experiments. This was also verified by the colour changes of the solution in the reaction 
chamber. No colour changes were observed in the reaction mixture when 4-AP was not 
used. When both phenols were present, colour changed slowly to purple. Finally when 1- 
naphthol was absent, colour changed to brown. The latter colour development was due to 
the reaction of 4-AP with itself. Based on the fact that the colour of the reaction mixture 
was purple when both phenols were present, in addition to the different initial rates 
found, it can be concluded that the two phenols did react with each other since no colour 
change was observed when 4-AP was absent.
Table 4.1. Initial rates (A^= 70 Hz) of the reaction between 1-naphthol (1 mM) and 4- 
AP (2.4 mM) for a range of APS concentrations.
APS concentration (mM) 8 16 32
Initial rate (Hz / s) 0.31 0.56 0.93
Again, the response needed more than 8000 s to stabilise. We therefore calculated the 
initial rate of the phenol reaction. Ammonium persulfate concentration did have an effect 
on the speed of the reaction. The higher the APS concentration, the faster was the 
response. The long reaction times in addition to the large variation (Figure 4.3) in the 
initial rate values suggested that the detection of 1-naphthol was not viable at 
concentrations of 1 mM or lower when using the quartz crystal sensor and phenolic 
precipitation reactions.
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4.3.1.4 Effect of a range of organic solvents on the response signal
Organic solvents such as acetone, dimethylformamide (DMF), iso-propanol and methanol 
dissolve the precipitate formed by the reaction of 1-naphthol with 4-AP. It is 
hypothesised that the adsorption of the precipitate on the crystal surface is better when 
nucléation is controlled and occurs directly on the surface. The formation of large visible 
particles in the reaction mixture has a negative effect on the adsorption of the precipitate 
on the crystal surface because only a small part of the particle can be adsorbed on the 
crystal surface and the rest remains in solution. As the shear wave from the quartz crystal 
propagates only a few microns into the solution, the particle will not be detected. It was 
hypothesised that by the addition of such organic / aqueous solvent mixture, the size of 
the crystal response could be enhanced by improving the adsorption of the formed 
precipitate because of the decrease in the number of suspended particles formed. The 
effect of an aqueous / organic solvent system in the reaction mixture was therefore 
studied. The solvents that were chosen demonstrated some solubility for the precipitate. 
Therefore having a mixture of solvent and non-solvent, greatly influenced the particle 
size and rate of nucléation on surfaces.
4.3.1.4.1 Acetone
Various concentrations of acetone were tested (Figure 4.4). There is an increase in the 
size of the signal with increasing acetone concentration. The presence of 2.5 % (v / v) 
acetone produced an extraordinary and unexpected large signal size of 20600 Hz due to 
mass adsorption, five times more than the response produced in the absence of acetone. 
The reaction time remained constant for acetone concentrations of < 1 % (v / v) but it was 
doubled when 2.5 % (v / v) of acetone was used. The presence of 12.5 % (v / v) acetone 
in the reaction mixture produced a drop of 22000 Hz, which was similar to the value 
obtained by 2.5 % (v / v) of acetone. This suggested that the effect was levelling off at 
acetone concentrations of 2.5 % (v / v) and above. Control experiments with 10 % (v / v) 
of acetone were also performed. In the absence of 1-naphthol the response size was 2500 
Hz while when 4-AP was absent (and 1-naphthol present) it was 1000 Hz. When both 1- 
naphthol and 4-AP were absent no crystal response was observed.
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Figure 4.4 . (a) Crystal response (A/ )^ and (b) reaction time of the reaction of 1-naphthol 
(6 mM) with 4-AP (12 mM) and increasing acetone concentrations. Concentrations of 
APS and sodium hydroxide were 40 and 60 mM respectively.
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4.3.1.4.2 Dimethylformamide (DMF)
A range of DMF concentrations was studied (1, 2, 3 and 5 % v / v) (Figure 4.5).
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Figure 4.5 . (a) Crystal response (Afs) and (b) reaction time of the reaction of 1-naphthol 
(6 mM) with 4-AP (12 mM) and increasing DMF eoncentrations. Concentrations of APS 
and sodium hydroxide were 40 and 60 mM respectively.
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The effect of DMF in the enhancement of the signal of the phenolic reaction was very 
similar to the effect caused by acetone. The signal size at 2 % (v / v) acetone and DMF 
was 11950 and 11200 Hz respectively. DMF at 5 % (v / v) produced a massive signal of 
84000 Hz. Such magnitudes have never been reported before. Both control experiments 
in the absence of either 4-AP or 1-naphthol and in the presence of 3 % DMF gave a 
signal size of 560 Hz.
4.3.1.4.3. Iso-propyl-alcohol (IPA)
The effect of five concentrations (namely: I, 2, 3, 5 and 10 % v / v) of IPA on the speed 
and the magnitude of the response of the phenolic reaction was tested (Figure 4.6).
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Figure 4.6 . (a) Crystal response (Afs) and (b) reaction time of the reaction of 1-naphthol 
(6 mM) with 4-AP (12 mM) and increasing IPA concentrations. The concentrations of 
APS and sodium hydroxide were 40 and 60 mM respectively.
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As it can be seen in figure 4.6, with increasing IPA concentrations the magnitude of the 
crystal response increased as well. However, the effectiveness of this aqueous (non 
solvent) / organic (solvent) mixture on the signal size and reaction time was not as good 
as the effectiveness of the two previous solvent mixtures. The signal size for 5 % (v / v) 
of IPA was -18400 Hz while 2.5 % (v / v) and 3 % (v / v) of acetone and DMF 
respectively produced signals of -20600 Hz and 24500 Hz.
4.3.1.4.4 Methanol (MeOH)
Methanol was the last of the organic solvents studied. A range of concentrations from 2 
to 15 % V  /  V  was tested (Figure 4.7).
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Figure 4.7. (a) Crystal response (Afs) and (b) reaction time of the reaction of I-naphthol 
(6 mM) with 4-AP (12 mM) and increasing methanol concentrations. The concentrations 
of APS and sodium hydroxide were 40 and 60 mM respectively.
Methanol was the less effective of the solvents tested for enhancing signal size. The 
enhancement of the size of the crystal response was very poor even at high MeOH 
concentrations (15 % v/v).
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4.3.1.5 Standard curve for 1-naphthol determination
The next step in the development of the 1-naphthol sensor was to plot a standard curve. A 
range of 1-naphthol concentrations was tested (Figure 4.8). The 1-naphthol range that 
was used was 6-6.3 mM. The latter was selected because at 1-naphthol concentrations of 
6 mM and above, the method gave fast responses (11 min) and good signal sizes (> 2000 
Hz). The small range was selected on the basis that the required limit of phenol detection 
in real samples is a few pM. Therefore, a range of 0-300 pM is sufficient for phenol 
detection even in the most polluted water samples.
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y = 1129.5x -4726.8 
R2 = 0.9996
6.1 6.2 
1-naphthol concentration (mM)
6.3
Figure 4.8. Plot of crystal response at series resonant frequency ( /^ )  for a range of 1- 
naphthol concentrations.
The linearity of the method was excellent (R^=0.9996). The reaction time was -11 min 
(time needed for the completion of the reaction after the addition of APS). Pre-addition of 
6 mM 1-naphthol into the cell is necessary in order to detect concentrations of 0.1 mM or 
lower. The detection limit of the method based on 3Sd of the blank (6 mM 1-naphthol) 
was 37 pM. Limitations of the QC sensor in the detection of 1-naphthol will be discussed 
in the next chapter. The reproducibility of the frequency measurements was tested by 
calculating the within day coefficient of variation (CV). The reaction of 6mM of 1- 
naphthol with 4-AP was repeated 8 times. The CV was 1.86 % (average = 2770 Hz, 
standard deviation = 51.6, n = 8).
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4.3.2 Carbaryl determination
After having optimised the reaction of 1-naphthol with 4-AP and plotted a standard curve 
for 1-naphthol determination, the final step was to develop a standard curve for carbaryl 
determination (1-naphthol is the product of carbaryl alkaline hydrolysis). A range of 
carbaryl concentrations (0-0.4 mM) was tested (Figure 4.9). The reaction mixture 
contained 6 mM of 1-naphthol in addition to the 1-naphthol that was produced by the 
hydrolysis of carbaryl (i.e. conversion of carbaryl (0.1 mM) to 1-naphthol (0.1 mM) in 
the presence of 6 mM 1-naphthol that was added to the reaction cell: total 6.1mM).
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Figure 4.9. Plot of crystal response at series resonant frequency (A^) for a range of 
carbaryl concentrations (n=2).
Again, the linearity of the method was excellent (R^=0.9998). The reaction time was 13 
minutes (11 minutes for the reaction of 1-naphthol with 4-AP + 2 minutes for carbaryl 
hydrolysis to 1-naphthol). The detection limit of the method was the same as for 1- 
naphthol.
4,4 Discussion
We were able to obtain standard curves for both carbaryl and 1 -naphthol in the range of 
0.1-0.4 mM and 6.0-6.3 mM respectively. The respective limits of detection were 37 pM. 
The maximum allowable total pesticide concentration in potable water is 0.5 pg / L
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(Marco & Barcelo, 1996) while for any given pesticide is 0.1 pg / L (~1 nM). At such 
concentration levels the QC sensor cannot directly detect based on precipitation reactions. 
Imai et.al. developed a piezoelectric quartz crystal sensor for measuring total urinary 
protein concentration based on precipitate formation. The linear range of detection was 
50 to 1000 mg / L of total protein concentration. Martin et.al. (2002) developed a quartz 
crystal sensor for the detection of hydrogen peroxide. The determination was based on 
the oxidation of 3,3, diaminobenzidine to a dimer product that precipitated out on the 
quartz crystal surface. The detection limit was around 50 pM of hydrogen peroxide. 
Preconcentration of the water samples is thus necessary before using the QC sensor for 
the detection of these pollutants. However, many analytical methods developed for the 
determination of pesticides and phenolic compounds, use preconcentration techniques in 
order to detect such low concentration levels. Some of them use liquid-liquid extraction 
techniques while other use solid-phase extraction techniques, which are less time 
consuming (Garrigues et.al. 1994; Daghbouche et.al. 1995, Rodriguez et.al, 2000). 
Preconcentration techniques could therefore improve the detection limit of QC technique. 
The preconcentration factor depends on the sample volume that is used. Garrigues et.al. 
used a commercially available Bond Elut Cig octadecyl cartridge to preconcentrate 
carbaryl from water samples 33 times. Applying the latter preconcentration technique to 
our system could improve the detection limit of the QC method down to 1.1 pM.
Total pesticide concentration can also been determined indirectly using the QC sensor. 
Organophosphorus (parathion, paraoxon, diazinon, dichlorvos) and carbamate (carbaryl) 
pesticides have the ability to inhibit cholinesterase action. A three-enzyme system where 
acetylcholine (ACh) is converted to choline (Ch) by acetylcholinesterase (AChE) and 
then choline is converted to betaine and hydrogen peroxide by choline oxidase (ChO) has 
been developed (Karousos et.al. 2002). Hydrogen peroxide is then detected by the quartz 
crystal through oxidation of 3,3’ diamino benzidine (DAB) in the presence of horseradish 
peroxidase (HRP) which produces a dye that precipitates out on the crystal surface 
causing a decrease in the resonant frequency. Inhibition of acetylcholinesterase by 
pesticides will result in a decrease in the production of hydrogen peroxide and therefore a 
decrease in the amount of precipitate being formed (Figure 4.10).
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AChE ChO HRP
ACh --------------—► Choline ------------ ► H2O2 + DAB ----------- ► Precipitate
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Figure 4.10. Scheme of pesticide detection using the QC sensor.
p-Aminophenyl acetate is a chemical compound that can be synthesised from p- 
nitrophenyl acetate (Pariente et.al. 1993, La Rosa et.al. 1994). p-Aminophenyl acetate 
can be converted to 4-AP by the enzyme AChE. Electrochemical detection of pesticides 
by inhibition of AChE, which results in a decrease in the 4-AP being produced, has been 
reported in the past (Andreescu et.al. 2002). Based on the fact that we have already 
develop a very fast assay for the detection of 4-AP, the determination of pesticides based 
on the latter reaction could be another alternative. The only disadvantage of these kind of 
methodologies is that they are not specific. They can only measure total pesticide content 
in the water or soil samples.
In all cases the use of an aqueous /organic solvent mixture improved the size of the 
crystal response. This verifies the hypothesis we made that addition of a water miscible 
organic solvent would improve the adsorption of the precipitate being formed from the 
phenolic reaction. The interfacial properties of the acoustic wave sensor and the four- 
layer model (Yang & Thompson, 1993, Duncan-Hewitt & Thompson, 1992) can offer 
another reason for the improved signal size. Yang & Thompson (1993) suggested that the 
liquid in contact with the quartz crystal consists of four layers. The first layer consists of 
the quartz / electrode system. The second layer is a surface adjacent layer of liquid 
possessing a greater density and viscosity than the bulk, the thickness of which is a 
function of the solid surface/liquid interaction (Yang & Thompson, 1993). The third layer 
is a thin transition region between the surface-adjacent region and the bulk liquid. The 
fourth layer is the bulk liquid. It is possible that the use of organic solvents alters the
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physical and chemical properties of the second layer. This in turn affects the adsorption 
of the formed precipitate by the quartz crystal. Therefore having a mixture of solvent and 
non-solvent, greatly influence the particle size and rate of nucléation on surfaces.
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Figure 4.11. Schematic representation of the four-layer model
Some of the organic solvents used (acetone, DMF), were more efficient than the others 
(IPA, methanol). Concentrations of 3 % of acetone and DMF produced enhanced crystal 
responses in the order of 20000 Hz while the enhancement of the signal from the same 
concentration of IPA and methanol was in the magnitude of 10000 Hz and 3000 Hz 
respectively. The reason of this has probably got to do with the chemical structure of 
these compounds. Acetone and DMF have a C=0 bond while IPA and methanol have a 
C-OH. All the solvents used have similar physical properties. They all are water miscible 
solvents and have similar densities (0.785 g / mL) apart from DMF, which has a density 
of 0.944 g / mL. Surface roughness of the crystal is another factor that can affect the 
adsorption of the precipitate. Rough and hydrophilic surfaces can entrap liquids in small 
cavities thus increasing the overall mass detected by the quartz crystal (Janshoff et.al. 
2000, Martin et.al. 1993). Rough and hydrophobic surfaces can often have the opposite 
effect. They are not wetted by the liquid, which results in the entrapment of air (Martin 
et.al, 1993). As a consequence, smaller energy losses are obtained on hydrophobic 
surfaces. If we assume that the gold surface of our crystals exposed to the reaction 
mixture was rough, it is possible that the use of organic solvents alters the hydrophilic / 
hydrophobic properties of the solution. Thus apart from the adsorption of the precipitate 
formed due to the phenolic reaction, other phenomena may occur (i.e. entrapment of 
liquid or air in small cavities of the crystal surface) contributing to the overall signal
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detected by the quartz crystal sensor. Scanning electron microscopy (SEM) of the surface 
of the crystal could give us information about the morphology of the surface.
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Chapter 5
Development of quartz crystal sensor for paracetamol and salicylate 
determination
5,1 Introduction
Paracetamol is a non-narcotic analgesic and antipyretic drug. Unlike aspirin, it has no 
anti-inflammatory activity. It is the most widely used over-the-counter analgesic due to 
its lower potential for side effects (gastric irritation, erosion, bleeding). It is also 
dispensed in combination with other drugs such as codeine, dehydrocodeine and 
dextropropoxyphene. Since paracetamol is easily accessible, it has become increasingly 
common for overdoses of paracetamol to be taken for suicidal intent. There are also a 
number of cases that are attributed to accidental overdose. Over the past twenty years a 
great number of assays have been developed for paracetamol determination in serum, 
urine, or pharmaceutical formulations. Chromatographic methods (Huggett et.al. 1981, 
Kamali & Herd, 1993), spectrophotometric methods (Vilchez et.al. 1995, Ramos et.al. 
1998, Heitmeier & Blaschke, 1999), colorimetric methods (Campbell & Price, 1990) 
immunoassay (Campbell & Price, 1986) and amperometric, chronoamperometric 
methods (Gilmartin & Hart, 1994, Jones et.al. 1990, Bramwell et.al. 1990) have been 
reported in the literature.
Aspirin (acetylsalicylic acid) is one of the most commonly used therapeutic agent 
worldwide. It can be used either alone or in combination with numerous other drugs. 
Other forms of salicylate are sodium salicylate, which is a salt of salicylic acid that has 
two-thirds of the potency of aspirin and methyl salicylate which is employed only in 
topical application (Brandenberger, 1997, Rang, 1999). Current detection methodologies 
are either spectrophotometric (Trinder method) or enzyme based with excellent accuracy 
and specificity. The major disadvantage is that the method is laboratory based. Other 
techniques that have been used for the detection of salicylate are differential ultra-violet 
spectroscopy (Williams et.al. 1959) and fluorimetry (Chirigos et.al. 1959) but they have 
the disadvantage that require solvent extraction steps to reduce interference and therefore 
they are rarely used in clinical laboratories. There are methods like GLC (Ranee et.al.
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1975) and HPLC (Cham et.al. 1979, Mays et.al. 1984, Yu et.al. 1986) for the 
determination of salicylates but these are only used as reference methods.
In our method, the detection of paracetamol and salicylate is based on their enzymatic 
conversion to 4-aminophenol and catechol respectively and the reaction of the products 
with another phenol in the presence of an initiator. The production of the precipitate in 
the latter reaction is monitored by the quartz crystal sensor and the signal generated can 
be correlated to the concentration of the analyte of interest.
5.2 Experimental section
5.2.1 Methods
5.2.1.x. Reaction of 4-aminophenol with catechol
The response of the crystal to the phenolic reaction was determined as follows: after 
removing the water from the cell chamber, 4-AP (400 pL), catechol (200 pL) and APS 
(200 pL) were introduced in that order at set time intervals. The response of the crystal to 
the subsequent formation of the insoluble dye product was recorded as a change in fs with 
time. At the end of every reaction, the chamber was washed twice with acetone (2 mL) 
and once with dimethylformamide (1 mL) (to remove the adsorbed dye) and then three 
times with distilled water (3 mL). All measurements were made at room temperature. The 
solution was stirred by pipette mixing. The reaction volume was kept constant at 800 pL.
5.2.1.2. Spectrophotometric detection of salicylate
In plastic 1 mL cuvette. Tris buffer (300 pL), NADH (400 pL, 2 mM) and sodium 
salicylate (100 pL, 8 mM) were introduced in that order and then placed in the 
spectrophotometer. Two cuvettes containing 700 pL Tris buffer and 100 pL sodium 
salicylate (8 mM) were used as blanks. Then, 0.7 U of salicylate hydroxylase was added 
in the cuvette and the rate of NADH disappearance was monitored by measuring the 
absorbance at 340 nm.
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5.2.1.3. Thin Layer Chromatography (TLC)
Spray reagent: Aqueous solution of potassium persulphate - silver nitrate (1 %, 0.001% 
w / w respectively) was used as the spray reagent in the development of the TLC spots. 
After the end of the phenol reaction response, the intensely coloured supernatant was 
removed from the reaction cell and was stored at 4 °C. The precipitate was dissolved in 
0.5 mL of acetone or DMF and stored at 4 °C. Four pL of the samples (dissolved 
precipitates, supernatant, o-cresol, APS, KIO4 and 4-AP dissolved in acetone) were 
applied on a plastic TLC plate (13 x 13 cm) coated with silica gel and fluoro indicator 
using capillary tubes. The spots were then dried using a hairdryer and developed in a 500 
mL beaker containing the development solvent. The beaker was covered with aluminium 
foil. Toluene / acetic acid (7:3) solvent mixture was used for the development of the 
TLC plate. After development, the chromatogram was dried and then sprayed with the 
spraying reagent to determine the spot locations. The TLC plate was then put in an oven 
at 55-60 °C for 1 hour.
5.2.1.4. Sample preparation for Mass Spectrometry
The 3 major TLC bands were then scratched from the TLC plate and dissolved in 1 mL 
acetone (silica gel does not dissolve in acetone) to extract the clean product. The silica 
gel mixtures were then centrifuged at 3000 rpm and the supernatant was carefully 
removed. The silica gel (centrifuged precipitate) was again rinsed with ImL of acetone to 
extract the remaining TLC product and centrifuged at 3000 rpm. The above procedure 
was performed three times in order to separate the TLC products from the silica gel. The 
three sample bottles containing the three major TLC products in three mL of acetone 
were left under nitrogen stream to dry and then MS was performed.
5.2.I.5. Sample preparation for High Performance Liquid Chromatography.
After the end of the phenolic reaction (5 mL reaction volume) and the removal of the 
supernatant from the reaction chamber, the precipitate was dissolved in 5 mL methanol / 
water mixture (40 : 60 or 60 : 40 v / v solvent ratio depending on the ratio of the mobile
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phase used). Then, 1 mL of the latter solution was further diluted ten times. Forty pL of 
the diluted solution were injected into a Perkin Elmer isocratic HPLC system (Perkin 
Elmer Isocratic EC Pump 250) and the signals recorded using a LDC / Milton Roy 
Spectromonitor 3000. The pure compounds were also dissolved in methanol / water 
mixture and injected into the system to establish the retention times of the starting 
materials.
5.2.1.6. Liquid Chromatography -  Mass Spectrometry.
The sample preparation was similar to the above section. The precipitate of the reaction 
was dissolved in 10 mL acetonitrile and then 0.5 mL of the latter mixture were further 
diluted in 10 mL 50 : 50 v / v acetonitrile / water solvent mixture. Ten pL of glacial 
acetic acid were added to the samples to be analysed by MS. A Surveyor PDA detector, 
autosampler, MS Pump and LCQ DecaXP^^"  ^were used.
5.2.1.7. Dry reagent chemistry.
Twenty-five pL of 4-AP (20 mM) solution prepared in acetone were added on the crystal 
surface and were left to dry in the fume cupboard. After two hours, 100 pL of o-cresol 
(50 mM) -  APS (50 mM) solution were added and the signal at fs was monitored.
On the surface of the quartz crystal, 0.6 mg of 4-AP was added. Then, 200 pL of o-cresol 
(50 mM) -  APS (50 mM) solution were added and the signal at fs was monitored.
Twenty pL of 0.02 % w / v CA in acetone were added on the surface of the quartz crystal 
and were left to dry for 2 hours. Then, 100 pL of Tris buffer were added into the cell 
chamber and the frequency at series resonant frequency was monitored.
Into the cell chamber, 50 pL 0.02 % w / v PVA in water solution were added and left to 
dry overnight at R.T. Then, 60 pL of acetone solution containing 20 mM 4-AP and 200 
mM o-cresol were added on the polymer coated crystal and were left to dry for two 
hours. After the crystal had completely dried, 200 pL APS solution (50 mM) were added 
and the frequency signal was monitored.
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5.2.I.8. Aryl acylamidase immobilisation.
The crystal was thoroughly cleaned before immobilisation by adding 1 mL 1 M NaOH 
and incubating for 10 min, rinse with deionised water and then adding 1 mL 1 N HCl and 
incubating for another 10 minutes. After rinsing with deionised water, the crystal was 
dried by rinsing with ethanol.
5.2.1.8.1 Polyethyleneimine - Glutaraldehyde
Ten pL PEI 2 % w / v (in methanol) were added onto the surface of the quartz crystal and 
left to dry for 30 minutes. Then the crystal was washed four times with 200 pL of 
methanol and 40 pL 2.5 % w / v GA were added for 45 minutes. The crystal was washed 
with deionised water three times with 100 pL and then 20 pL AAA (0.5 U) solution were 
added for 2 hours. Then, the crystal was washed four times with PBS pH 7.3 and 50 pL 
glycine were added to block the unreacted aldehyde groups on GA. After washing the 
crystal with water, paracetamol (0.5 mM) was added and the enzymatic conversion was 
tested spectrophotometrically at set time intervals
5.2.1.8.2. Polyethyleneimine
The same procedure described above was followed for the immobilisation of AAA using 
PEI except from the steps of GA and glycine additions
5.2.1.8.3. Cystamine
Two hundred pL cystamine solution (20 mM) were added onto the crystal surface and 
were left to incubate for 2 hours. Then, the surface of the crystal was washed three times 
with water and 50 pL AAA (0.5 U) were added for 90 minutes.
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5,3 Results
5.3.1 Development of a method for salicylate determination
The determination of salicylate using the quartz crystal sensor is based on a two-reaction 
system. Salicylate is converted to catechol by the enzyme salicylate hydroxylase in the 
presence of NADH. The catechol can then react with 4-aminophenol (4-AP). The 
production of precipitate from the latter reaction is accelerated by the presence of aged 
APS. The drop in the resonant frequency of the quartz crystal sensor can be correlated 
with catechol concentration and therefore to salicylate concentration. The first of the 
two reactions is a standard reaction where the speed of the enzymatic conversion of 
salicylate depends on the enzyme quantity and the number of units present. The more 
enzyme, the faster catechol is produced. The second reaction needs more optimisation 
and thus we will start our method development from that point. Factors that needed 
optimising were 4-AP concentration and aged APS concentration. The range of salicylate 
concentration and therefore catechol concentration that needed to be achieved in cases of 
aspirin poisoning is between 1 and 5 mM. The response of the crystal to various catechol 
concentrations can be seen in Figure 5.1.
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^  no catechol 
-a 1 mM catechol 
2 mM catechol 
-# 3 mM catechol 
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Figure 5.1. Crystal response at series resonant frequency (^) to the reaction of a range of 
catechol concentrations with 10 mM 4-AP in the presence of 50 mM aged APS (65 min 
at 67 °C).
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The reaction of catechol with 4-AP needed 5 min (300 s) to complete after adding the 
initiator (APS). In order to avoid waiting for 5 min and in addition to the fact that the 
drop in frequency is not proportional to the concentration of catechol, another parameter 
was selected as an indicator of catechol concentration. This parameter was the time 
passed after APS addition for a drop of x Hz a t^  to occur. This parameter was found to 
have a linear relationship with catechol concentration. Other comments to be made from 
figure 5.1 are the reciprocal relationship between catechol concentration and magnitude 
of signal (the more catechol the smaller the signal) as well as the onset time of precipitate 
formation. In the absence of catechol, the drop in frequency was much smaller and in 
addition to the different colour formations during the two processes we can speculate that 
two different mechanisms occur. Possible mechanisms are presented in the discussion 
section.
A range of APS concentrations were tested for optimisation purposes (Figure 5.2). From 
the concentrations studied, 50 mM of APS produced the fastest and the most stable 
signal.
350 4
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APS concentration (mM)
Figure 5.2. Plot of time needed for a drop of 70 Hz to occur from the reaction of 2.5 mM 
catechol with 10 mM 4-APS in the presence of various aged APS concentrations (66 min 
at 67 °C) (n=3).
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After optimising the concentration of the initiator the next step was to optimise the 
concentration of 4-AP. A range of 4-AP concentrations was studied. The results can be 
seen in Figure 5.3. Beyond 10 mM, the response begins to level off. Therefore a 
concentration of 10 mM 4-AP was selected for all further experiments.
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Figure 5.3. Plot of time needed for a drop of 300 Hz to occur from the reaction of 
2.5 mM catechol with 4-AP in the presence of 50 mM APS (n=3).
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Figure 5.4: Plot of time versus a range of catechol concentrations. The Y axis represents 
the time needed for the reaction of catechol with 10 mM 4-AP in the presence of 50 mM 
APS to produce a drop of 300 Hz in fs (n=2).
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A standard curve was obtained for the detection of catechol in the range 1-5 mM. The 
plot was linear with excellent coefficient correlation value (R^ = 0.9991). The time of 
analysis depended on catechol concentration and was between 25 and 90 s. The 
repeatability of the method was tested by measuring the coefficient of variation (CV) at 
low (1 mM) and high (5 mM) catechol concentrations. The coefficient of variation value 
for 1 mM of catechol was 9.8 % (n=5) while for 5 mM of catechol was 1.8 % (n=6). 
These values are in the acceptable range (below 10 %).
After finding the optimum conditions for the second reaction, we continued the 
development of the method by studying the first reaction. The speed of the enzyme 
reaction was tested spectrophotometrically at 340 nm by measuring the rate of NADH 
disappearance.
, Salicylate Hydroxylase
Salicylate + NADH + 2 t r  + O2 ’ ■ ' ,  Catechol + CO2 + NAD+ + H^O
The time needed for the completion of the reaction was over an hour. The activity of the 
enzyme was 1.2 U / mg. The concentration of salicylate was 1 mM (reaction volume : 0.8 
mL) and the enzyme used was 0.7 U. The conversion of salicylate to catechol was very 
slow. This can be due to the low activity of the enzyme, and that the optimum conditions 
for the enzyme were slightly different from the ones employed (pH 8.5 instead of pH 7.6, 
25 °C instead of 30 °C). In order to decrease the conversion time, more enzyme units are 
required. The low activity of the enzyme per mg of solid makes it difficult to immobilise 
it by covalent bonding on the crystal surface. In spectrophotometric measurements, the 
rate of conversion is used in order to determine the concentration of the analyte of 
interest. In our case, because of the low sensitivity of the method, full conversion is 
required. The quartz crystal technique for the detection of salicylate can only be viable 
when a higher activity / mg of solid is used, which would allow sufficient number of 
units to be immobilised on the crystal surface for a shorter conversion time.
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5.3.2 Development of a method for paracetamol determination
The principle of paracetamol determination is similar to salicylate detection. Paracetamol 
is converted enzymatically to 4-AP, which then reacts with another phenol to produce a 
precipitate that deposits on the surface of the quartz crystal. Again, the first reaction is 
very standard. The rate limiting step, which will determine the speed of the reaction, is 
the second reaction. The reaction of 4-AP with other phenols (resorcinol, 1 -naphthol, 
catechol, 8-hydroxyquinoline) have been studied in previous work by the author 
(Karousos et.al 2002). In that work, although the reaction of 4-AP with 1-naphthol, 
catechol and 8-hydroxyquinoline produced large signals, the response times were very 
long (36-82 min). The phenolic reaction with resorcinol produced fast responses (~5 min) 
and satisfactory frequency changes but lacked a satisfactory detection limit. The required 
range for paracetamol determination in clinical samples is 0-1.5 mM. A calibration curve 
was obtained in the range of 4-5.5 mM of 4-AP. The problem of lack of sensitivity in the 
detection of paracetamol can be solved by pre-adding 4 mM 4-AP (i.e. conversion of 
paracetamol (0.1 mM) to 4-AP (0.1 mM) in the presence of 4 mM 4-AP that was added 
to the reaction cell: total 4.1 mM) in order for 4-AP concentration to be in the required 
range. In the current study, the reaction of 4-AP with o-cresol using aged APS was 
studied. Some faster signals than in the reaction of 4-AP with resorcinol could be 
obtained.
5.3.2.1 Optimum aged APS concentration
A range of aged APS concentrations was tested in order to determine the optimum 
concentration in the reaction of 4-AP with o-cresol (Figure 5.5).
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Figure 5.5. Crystal response at series resonant frequency %) to the reaction of 4-AP 
(5 mM) with o-cresol (50 mM) in the presence of a range of aged APS concentrations (66 
min at 67 °C).
The concentration that produced the fastest signal response and the largest signal size was 
50 mM of APS. The immediate drop in fs (-1000 Hz) after the addition of APS is 
probably due to a change in the electrochemical double layer as a result of additional 
charges adsorbing to the surface of the quartz crystal (Janshoff et.al. 2000). Adsorption of 
positively charged particles leads to an increase in adsorbed mass with the assumption 
that large counter anions are close to the quartz surface (Janshoff et.al. 2000).
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S.3.2.2 Limit of 4-AP detection
The range of paracetamol concentration and subsequently 4-AP concentration that needs 
to be achieved in order for the QC method to be applicable in a clinical laboratory setting 
is 0.1 to 1.5 mM. Therefore the limit of 4-AP detection needs to be tested using the 
current method (Figure 5.6).
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Figure 5.6. Crystal responses at series resonant frequency (fs) to the reaction of a range of 
4-AP concentrations with o-cresol (50 mM) in the presence of aged APS (50 mM, 66 
min at 67 °C) (n=3).
At low 4-AP concentrations, the size of the crystal response was radically decreased to a 
few Hz while the response time increased to ~7 min. The limit of detection derived from 
three SD of the blank was 0.79 mM. The large variation in SD of the measurements 
combined to the insufficient limit of detection suggested that the method could not be 
applied, for the detection of paracetamol in clinical samples. Pre-addition of 4-AP was a 
possible solution in order to be able to detect paracetamol under these conditions (i.e. 
conversion of paracetamol (0.1 mM) to 4-AP (0.1 mM) in the presence of 5 mM 4-AP 
that was added to the reaction cell: total 5.1 mM). A stop-flow system could potentially 
help us improve the detection limit by providing a more stable baseline and decreasing 
the noise of the signal as it offers a better-controlled environment. The major
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disadvantage is that you no longer have a portable system, as you need an efficient pulse- 
free pump to drive the liquid to the detection cell.
S.3.2.3 Standard curve for 4-AP determination
The next step was to plot a calibration curve for 4-AP. The range of concentrations tested 
was 5.0-5.8 mM of 4-AP (Figure 5.7).
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Figure 5.7. Crystal responses at series resonant frequency (^) to the reaction of a range of 
4-AP concentrations with o-cresol (50 mM) in the presence of aged APS (50 mM, 66 
min at 67 °C).
The linearity of the standard curve was excellent. The coefficient correlation (R^) of the 
standard curve responses at 160 s and 360 s after the addition of APS was 0.9961 and 
0.9969 respectively. This suggests that we do not have to wait for the completion of the 
reaction. In less than three minutes we can accurately measure 4-AP. Pre-addition of 4- 
AP (5 mM) into the cell would enable us to improve the detection limit of paracetamol 
down to 0.1 mM.
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5.3 2.4 Reaction of 4-AP with resorcinol using aged APS as initiator.
The reactivity of 4-AP alone in the absence of other phenols as well as in the presence of 
either resorcinol (50 mM) or o-cresol was studied (Figure 5.8) in order to test the effect 
of aged APS in other phenolic reactions and to give us an indication of possible reaction 
mechanisms as well as the application range of aged APS.
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Figure 5.8. Crystal responses at series resonant frequency (^) (impedance analyser) to 
the reaction of 4-AP (5 mM) in the absence of a test phenol and in the presence of either 
o-cresol (50 mM) or resorcinol when using aged APS as initiator (50 mM, 66 min at 67 
°C).
4-AP, when auto-reacted, produced a signal of 880 Hz. When o-cresol (50 mM) was 
present in the test solution the signal was -700 Hz larger (1550 Hz). This, in addition to 
the different colour changes observed between the two reactions confirmed that 4-AP did 
react with o-cresol and that the signal was 4-AP concentration dependent. It has been 
reported (Karousos et.al. 2002) that resorcinol reacts fast with 4-AP in the presence of 
freshly prepared and not aged APS. The effect of aged APS (heated at 67 °C for 66 min) 
on the speed of the reaction between 4-AP and resorcinol instead of o-cresol was tested. 
A fast response was not observed (Figure 5.8). The effect of three different 
concentrations of o-cresol (10, 30, 50 mM) in the reaction with 5 mM of 4-AP using aged 
APS (66 min at 67 °C) was also studied. Frequency data (fs) did not show any differences 
in the response of the signal. Examination of the impedance data though, showed a small
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increase in the magnitude of the signal with increasing o-cresol concentration. We 
therefore decided to continue using 50 mM of o-cresol.
5.3.2.S Investigation of the mechanism of the phenolic reaction
5.3.2.5.1 Reaction of 4-AP with 1,4 benzoquinone
It has been reported (Srivastava et.al 1977, Beyer et.al 1997) that a benzoquinone can 
be produced from the oxidation of aromatic amines and phenols (i.e. o-cresol) which can 
couple with unreacted 4-AP to form a quinhydrone complex (tt-tt or charge transfer 
complex) in addition to the indophenol product. In order to investigate if o-cresol is 
oxidised by APS to give 1,4 benzoquinone, we studied the reactivity of 4-AP with 1,4 
benzoquinone in the absence of initiator. The crystal was found to respond to the 
addition of benzoquinone (30 mM) with a solution of 4-aminophenol (5 mM) (Figure 
5.9). An intensely coloured complex was formed that precipitated out and adsorbed to 
the crystal surface. In addition to the quinhydrone, it is therefore feasible that the 
indophenol produced could also form self-coupled tt- tt complexes. The reaction of o- 
cresol and paracetamol with 1,4 benzoquinone in the absence of initiator was also tested 
and did not produce any signal (Figure 5.9). Possible reaction mechanisms are mentioned 
in the discussion section.
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Figure 5.9. Reaction of 1,4 benzoquinone (30 mM) with other phenols (paracetamol, 4- 
AP and o-cresol) in the absence of any initiator.
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5.3.2.5.2 Separation of the products of the phenolic reaction by TLC
In order to understand the mechanism by which the different initiators acted on the 
phenolic reaction TLC analysis was performed on the products of the phenolic reaction. 
After the end of the reaction of 4-AP (5 mM) with o-cresol (50 mM) in the presence of 
different initiators (fresh APS (50 mM), PP (40 mM)), the supernatants were removed 
from the crystal chamber and were stored at 4 °C until TLC analysis. The adsorbed 
precipitates were dissolved in acetone (0.5 mL) and were also stored at 4 °C prior to 
analysis. The supernatant of the phenolic reaction in the absence of initiator was also 
analysed. The TLC plate revealed that fourteen products were formed when APS was 
used as initiator. On the other hand, only the one same product was formed when either 
potassium periodate or no initiator was used. This clearly suggests a difference in 
mechanism depending on the initiator used (Figure 5.10).
(a) (b)
^___  Indophenol
band
TLC starting 
point
1 2 3 4 5
Figure 5.10. TLC analysis of the products of the phenolic reaction between 4-AP and o- 
cresol a) in the presence of not heated APS as initiator (sample taken from dissolved 
precipitate) b) (1) same as (a) (2) same as (a) but sample taken from supernatant (3) in the 
presence of potassium periodate as initiator (precipitate) (4) same as (b(3)) (supernatant) 
(5) no initiator was used (supernatant).
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The commercially available indophenol differs slightly from the indophenol product 
produced from the phenolic reaction (a methyl group in the ortho position) and therefore 
it would not have been a valid indicator to compare the R / value with the ones produced 
by the reaction products. TLC analysis on the products of the phenolic reaction when 
heated APS was used was also performed. No separation was found under the above 
conditions.
Samples of the first three and more intense bands (Figure 5.10a) were tested by mass 
spectrometry. The spectra obtained do not have the important molecular peak also called 
the parent molecular peak, which corresponds to the ionised whole molecule. The 
absence of these peaks did not allow us to identify the unknown compounds. In addition, 
the fragmentation peaks obtained cannot give any clear view of the structure of the 
original compounds. An example of the spectrum obtained is given in Figure 5.11. A 
possible reason of the absence of the molecular peak is that the compound is thermally 
unstable. In such cases, a method that would give adequate desorption and ionisation 
must be used. The spectrum seems to be over-fragmented (it was done by a third party).
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Figure 5.1L Mass spectrum of the first TLC band (Figure 5.10). Ionisation was 
succeeded by electron impact.
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5.3.2.5.3 Separation of the products of the phenolic reaction by HPLC.
The products of the phenolic reaction under different conditions (aged APS, fresh APS, 
aged APS in the absence of o-cresol) were separated by HPLC in order to gain an 
understanding of the mechanism of the reactions and the number of products formed in 
each case. After testing various methanol : H2O ratios as the mobile phase it was found 
that a 40:60 solvent ratio was enough to separate the precipitated products of the reaction 
of 4-AP with and without o-cresol in the presence of aged APS. The precipitation 
products of the reaction of 4-AP with o-cresol in the presence of fresh APS were partially 
separated under the above conditions. The chromatogram obtained was compared with 
the other chromatograms. The precipitation products of the last reaction were more 
hydrophilic than the products in the first two reactions. As a consequence a higher 
methanol : H2O ratio was required in order all the products to be eluted and not held in 
the column. This ratio was found to be 60:40.
Figure 5.12. HPLC chromatogram of the products of the reaction of 4-AP with o-cresol 
in the presence of aged APS (1cm / min chart flow, mobile phase 40:60 Me0H:H20 
ratio, Abs at 260 nm).
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Figure 5.13. HPLC chromatogram of the products of the reaction of 4-AP in the presence 
of aged APS (1cm / min chart flow, mobile phase 40:60 Me0H:H20 ratio, Abs at 260 
nm).
a)
b)
Figure 5.14. HPLC chromatogram of the products of the reaction of 4-AP with o-cresol 
in the presence of fresh APS (1cm / min chart flow, Abs at 260 nm) a)mobile phase 40:60 
MeOH : HoO b) mobile phase 60:40 MeOH : HiO.
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The reaction of 4-AP with o-cresol, using aged APS, produced seven major peaks in the 
chromatogram (Figure 5.12). Injection of the starting compounds (4-AP, o-cresol, APS, 
/^-benzoquinone) under the same HPLC conditions, provided the retention times of these 
compounds. No peak was obtained when APS was injected. The retention times of 4-AP, 
o-cresol and /^-benzoquinone were 2.11, 9.48 and 2.5 min respectively.
There is no peak at 2.1 min as expected. All 4-AP has been consumed in the reaction. The 
peak at 9.49 min corresponds to unreacted o-cresol (o-cresol was used in excess). The 
peak at 2.52 min corresponds to /^-benzoquinone. The other four peaks correspond to 
products of the phenolic reaction. The chromatogram obtained from the reaction of 4-AP 
in the absence of o-cresol, using aged APS, showed five major products (based on the 
area percentage in the chromatogram) and three minor ones (Figure 5.13). One can see 
the absence of a major peak at ~9.3 min, a fact that confirms that the peak in the first 
chromatogram is due to o-cresol. Further comparison of the two chromatograms shows 
the absence of a major peak at -3.78 min which can be observed when o-cresol was used. 
This peak can possibly be due to the indophenol dye. Further investigation of the 
structure of the products will be presented later on. There is a common peak at 2.5 min in 
the two chromatograms, which as we mentioned earlier corresponds to /^-benzoquinone.
In the third chromatogram (Figure 5.14a) where fresh APS has been used as the initiator, 
four out of six peaks have similar retention times with the first chromatogram. These are 
the peaks that correspond to /^-benzoquinone (R.T.:2.5 min), to indophenol dye 
(R.T.:3.78 min) to o-cresol (R.T.: 9.27 min) and to an unknown product (R.T.: 6.89 min). 
However the major product in the third chromatogram is eluted 13.29 min after the 
injection of the reaction products. When we altered the conditions of the mobile phase, it 
was revealed that more than nine products were formed in the reaction of 4-AP with o- 
cresol when fresh APS was used.
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5.S.2.5.4 Separation of the products of the phenolic reaction by LC-MS.
From the three phenolic reactions mentioned above, the most important is the reaction of 
4-AP with o-cresol in the presence of aged APS as it produced the largest and the fastest 
signal of the three. Therefore, in order to improve our understanding of the mechanism of 
the reaction, the products were dissolved in an acetonitrile : water mixture (50 : 50 v /v) 
and injected in an LC -M S system. The mass spectrum can only give an indication of the 
structure of each of the products. A proper study for the identification and verification of 
the products would require IR spectroscopy, which would give information about the 
presence of specific groups such as aldehydes, ketones, alcohols and carboxylic acid. 
NMR (both or ’H) would provide information about the environment of each of the 
carbons and protons in the molecule thereby aniling the elucidation of structure. For the 
purpose of this thesis it was necessary only to characterise the intense peaks. The findings 
here are compelling nonetheless that we may have unintentionally synthesised new and as 
yet uncharacterised compounds.
The chromatogram showed the presence of more than 10 peaks (Figure 5.15). Some of 
the products have absorption maxima at around 260 nm while some other at 330 or 490 
nm. Due to the low concentration of the products, the fragmentation pattern was not clear 
enough for any of the products. In addition the parent molecular peak was absent. In 
order to overcome the problem, we had to insert in the software the expected molecular 
weights of the products so the desorption and ionisation energy was just enough for the 
molecular peak M^ or the quasi-molecular peak (M+H)^ to be obtained (Constantin E, 
1990). As mentioned earlier, possible products of the phenolic reaction are the 
indophenol dye (M.W. 214) or mono-adduct and the double adduct where two 4-AP 
molecules have reacted with one molecule of o-cresol (M.W. 320).
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Figure 5.15. Chromatograms of the products of the reaction of 4-AP with o-cresol 
in the presence of aged APS using a gradient elution pump and a diode array detection 
system (A=260 nm, B=330 nm, C=490 nm).
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Figure 5.16. Mass spectrum of one of the products of the phenolic reaction in the 
presence of aged APS after elution from an LC column. The retention time of the 
product was 1.59 min.
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Figure 5.17. Mass spectra with the molecular peak of one of the products of the 
phenolic reaction in the presence of aged APS and after its elution from an LC column. 
The retention time of the product was 1.86 min.
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Figure 5.18. Mass spectra with the molecular peaks of two of the products of the 
phenolic reaction in the presence of aged APS after their elution from an LC column. The 
retention times of the each of the products were a) 4.80 min b) 7.21 min.
The peak at 122.8 m/z (Figure 5.16) corresponds to 2 methyl 1,4 benzoquinone. 
Mechanism of the formation of this compound is given in the discussion section. The 
peak with molecular weight 322 (Figure 5.17) corresponds to the reduced form of the 
double adduct. The peaks with m/z ratio 320 and 214 correspond to the double and mono 
adduct respectively. Further comments are made in the discussion section. The mass 
spectra obtained for the other products could not give any indication of their structure. IR 
spectroscopy and NMR could provide us with more information about the functional 
groups present in its product and their structure but because the identification of the 
structure of each product is out of the scope of this thesis it was not done.
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S.3.2.5 Dry reagent chemistry.
We have established a fast method for the detection of catechol and 4-AP. In the case of 
4-AP, the major disadvantage of the method is the insufficient limit of detection, which 
forced us to resort to pre-addition in order for the method to be applicable in the detection 
of paracetamol in clinical samples. A step forward in that direction would be if 4-AP and 
o-cresol were already deposited on the crystal surface along with arylacylamidase. That 
would minimise the number of steps of the assay. Addition of paracetamol would result 
in the conversion of paracetamol to 4-AP (the speed of conversion depended on the 
activity of the enzyme) while 4-AP and o-cresol dissolved into the solution. Then 
addition of aged APS would produce a signal proportional to 4-AP concentration.
Two methods were investigated in order to deposit just 4-AP on the crystal surface. The 
first way was by dissolving the appropriate amount of 4-AP in Tris buffer and then 
adding it into the cell and allowing it dry at 50 °C (Figure 5.20(a)). The second method 
was to add 4-AP powder to the crystal surface (Figure 5.20(b)).
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Figure 5.19. Crystal responses (fs) to the addition of (a) 100 pL o-cresol / aged APS 
solution (50 mM / 50 mM) to dried 4-AP and (b) 200 pL o-cresol / aged APS solution 
(50 mM / 50 mM) to 4-AP powder added on the crystal.
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The dried 4-AP needed 50 s to dissolve after the solution addition (increase in frequency 
at series resonant frequency). Then, the latter started to react with o-cresol and to produce 
precipitate resulting in a drop in frequency. The reaction time was much longer (~ 40 
min) than when 4-AP was in solution. This might be because not all 4-AP was dissolved 
in the solution. In the case where 4-AP was added as powder directly on the crystal 
surface, as soon as the o-cresol / aged APS solution was added, a very large signal was 
obtained in a short time. After the supernatant was removed from the cell chamber, large 
particles were observed on the crystal surface. This suggests that some of the undissolved 
4-AP powder added, acted as a nucléation site in the reaction with o-cresol on the surface 
of the crystal. This explains the speed of the response and the size of the signal. The 
drawbacks of the latter approach were the reproducibility of adding 4-AP on the crystal 
surface and evenly spread it across the crystal surface.
Another approach to deposit 4-AP would be by physical entrapment. Cellulose acetate 
(CA) was selected because it is a non water-soluble polymer. The membrane is also 
extensively reported to be permeable to phenols. We first added just the polymer (0.02 % 
w / V in acetone) and let it dry. After it was dried, when Tris buffer was added, more than 
10 min were required to obtain a steady baseline (Figure 5.20).
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Figure 5.20. Crystal response (/ )^ to the addition of 100 pL Tris buffer pH 8.5 on a 
surface covered with 0.02 % w / v CA.
Despite the long stabilisation time, we tested this approach by trying to deposit 4-AP and 
o-cresol along with CA. When it was completely dried, we added Tris buffer and waited 
for the signal to stabilise before we added the aged APS. The size of the signal obtained 
was very small and the reaction was completed in an hour. A possible explanation for this 
is that because the starting compounds are entrapped within the polymer, dissolution 
takes a longer time, as they need to diffuse out of the polymer. The response of a crystal 
coated with CA to the phenolic reaction was similar to the response obtained for an 
uncoated crystal.
In order for the dry reagent approach to be practically viable, we need a fast way of 
getting the starting compound from a solid state into a solution state. The first two 
approaches cannot offer that as we have adsorption of the compounds on the crystal 
surface and a lot of time is required for their dissolution and desorption. A possible 
answer to this problem could be the use of water-soluble polymers such as 
polyvinylalcoohol (PVA). In this way, the starting compounds would be deposited on the 
polymer surface and not on the crystal surface. As a result, when an aqueous solution is 
added, the polymer will start dissolving and consequently the same will happen with the 
starting compounds (Figure 5.21).
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Figure 5.21. Crystal response (fs) to the addition of APS. Fifty p,L 0.02 % w / v PVA in 
water was dried overnight. Then, the reactants were dissolved in acetone and dried on 
top of the PVA membrane.
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Of the three approaches, the last one where the starting materials were dried on a water- 
soluble polymer (PVA), which had already been dried on the crystal surface, proved to be 
the best. The stabilisation time after Tris addition was around 3 min. Further optimisation 
is needed in order to have a reproducible system. The optimisation should be focused on 
the thickness of the polymer and its uniform application on the surface of the crystal. The 
thinner, the better as less time will be needed for dissolution and desorption of the 
polymer and of the starting materials. Care also should be given on how the starting 
materials are deposited on the polymer’s surface.
S.3.2.6 Paracetamol determination
After having optimised the reaction of 4-AP with o-cresol, the next step was to try to 
detect paracetamol using the quartz crystal sensor. Arylacylamidase can be used either in 
solution or be immobilised on the crystal’s surface or in close proximity.
AAA addition 
(0.1 U) APS
addition
o-cresol
addition-500
0.1 U AAA + 0.8 mM paracetamol 
No AAA or paracetamol
30 0 6 0 0
Time (s)
Figure 5.22. Crystal response (fs) to the reaction of 4-AP (5 mM) with o-cresol (50 
mM), using aged APS as initiator (50 mM), in the presence and in the absence of AAA 
(0.1 U) (800 pL reaction volume).
The addition of AAA into the cell chamber caused a decrease of 200 Hz in the series 
resonant frequency (Figure 5.22). Arylacylamidase is an enzyme with a molecular weight 
of 52.5 kDa (Stein, 2002). After its introduction to the solution, the enzyme started to 
adsorb on the crystal surface causing the decrease in frequency (Figure 5.22). The size of
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the signal also decreased in the presence of the enzyme (Figure 5.22) probably due to the 
fact that AAA inhibited the adsorption of some of the products of the phenolic reaction 
by interacting with them and keeping them in solution. The effect of the presence of 
paracetamol on the phenolic reaction in the absence of the enzyme was negligible. When 
the same enzyme quantity was used (0.1 U) but smaller reaction volume (200 pL), the 
drop after AAA addition was 500 Hz. From the above, it is clear that AAA needs to be 
immobilised either on the crystal surface or in close proximity to it. There are two major 
problems to this approach. The first problem is the low activity of the enzyme (0.12 U / 
mg of solid) and the high cost of the commercially available enzyme (120 GBP / 10 U 
AAA). The activity of the enzyme used in the reference colorimetric method (Hammond 
et.al 1983) was 320 U / mg which helped the fast conversion of paracetamol to 4-AP. In 
our case, the amount of enzyme and the number of units that can potentially be 
immobilised is very low and as a consequence this will lead to a slow paracetamol 
conversion. The second problem associated with this approach is that the amino acid 
sequence of arylacylamidase from Pseudomonas Fluorescens is unknown as well as the 
enzyme structure. For example, for an enzyme rich in amino acids with free amino 
groups at the side chains such as lysine, glutamine, then glutaraldehyde could be used for 
the covalent bonding of the enzyme. On the other hand, enzymes rich in amino-acids with 
free carboxylic groups at the side chains such as glutamate and aspartate then a polymer 
with free amino groups could be used for the immobilisation, such as polyethyleneimine 
(PEI). Important factors to be considered in the enzyme immobilisation are that the 
functional groups need to be on the outside of the protein so there is no steric hindrance 
that will inhibit the surface binding and that the binding does not alter the structure of the 
active site of the enzyme, which would result in deactivation of the enzyme.
Four approaches of enzyme immobilisation with covalent bonding were investigated. In 
the first approach, glutaraldehyde was used as the ligand for the binding of AAA. In the 
second approach, PEI was used to immobilise the enzyme. In the third approach, PEI 
with glutaraldehyde was used while in the final approach cystamine was tested for the 
enzyme immobilisation. We also tried to immobilise the enzyme by physical entrapment 
between polycarbonate membranes. The conversion of paracetamol to 4-AP was tested
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spectrophotometrically because it has a better limit of detection and because we wanted 
to test different incubation times as well. Formation of a precipitate in the cell chamber 
with the immobilised enzyme would allow us only one measurement of 4-AP 
concentration.
There was no paracetamol conversion when glutaraldehyde was used to immobilise the 
enzyme. Possible reasons for that is either the absence of free amino groups on 
arylacylamidase or that glutaraldehyde binds close to the active site of the enzyme and as 
a result, the enzyme is not active anymore. When polyethyleneimine was used, the 
conversion of paracetamol was 35 % (±11 %), 64 %, 73 % and 69 % after 20, 40, 60 and 
80 minutes of incubation respectively. The conversion is very slow probably due to the 
low activity of the enzyme. In order to test if the approach with glutaraldehyde was not 
successful because no glutaraldehyde was bound to the crystal surface, glutaraldehyde 
was added after PEI. Glutaraldehyde is a compound with two aldehyde groups. Thus it 
can form a schiff base with the imine group while the other aldehyde group can bind to 
the enzyme. No conversion was observed. Finally, cystamine was used to immobilise 
AAA. Cystamine has a disulfide bond which when is added to the gold surface of the 
crystal it breaks and bonds to the gold surface. At the edge of the chain there is an amino 
group. When it was tested, no conversion was observed. Arylacylamidase was also 
immobilised between two pieces of polycarbonate membrane (0.01 pm pore size) with 
BSA and glutaraldehyde. The paracetamol to 4-AP conversion reached 80 % but when 
the enzyme-laminate was used again, the conversion dropped down to 38 %. This 
suggests that the enzyme is leaching out of the laminate and cell design needs to be taken 
into consideration in any future work.
5.4. Discussion
A quartz crystal method for the determination of catechol was developed. A linear range 
was obtained between 1 and 5 mM of catechol concentration. This range is sufficient for 
the determination of salicylate in cases of salicylate overdose since catechol is the 
product of the enzymatic conversion of salicylate. For environmental purposes, much
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lower detection limits need to be achieved (nM range), limits that quartz crystal sensor 
cannot detect based on precipitation reactions. Chubb et.al. (1986) developed an enzyme 
mediated colorimetric method for the detection of salicylate. Their scheme of detection 
was based on the enzymatic conversion of salicylate to catechol and then reaction of the 
latter with 4-aminophenol at alkaline environment. The product of the latter reaction was 
determined spectrophotometrically at 565 nm. One unit per assay of salicylate 
hydroxylase was used. The catechol and 4-AP concentrations were 0.06 and 0.3 mM 
respectively. The analysis time was six minutes. A possible reaction mechanism is 
presented below.
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Figure 5.23. Suggested mechanism of the reaction of catechol with 4-aminophenol in 
alkaline environment.
In our case, aged APS was used to increase the speed of the reaction of 4-AP with 
catechol. In the absence of catechol, it is possible that 4-AP polymerises. Zhang eAa/. 
(1999) suggested a mechanism of 4-AP oxidation and polymerisation by horseradish 
peroxidase (HRP) and H2O2. Their suggested mechanism is presented in the next chapter. 
They identified the final polymerisation product. They found that a tetramer was formed
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Figure 5.23. Product of 4-aminophenol polymerisation.
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It is possible that in the absence of catechol, the same polymerisation product is formed 
when aged APS is used. When catechol is used, the differences in the response 
characteristics (the increase in the response size and the longer reaction time) suggest that 
catechol takes part in the reaction. Possible mechanisms are presented below (Figure 
5.24). It is possible that at low catechol concentrations (1 mM), tetramer and pentamers 
are formed (Figure 5.25). The benzene ring is very rich in electrons because of the 
presence of two hydroxyl groups in the catechol molecule. That makes the 4 carbons that 
are not bonded to a hydroxyl group very nucleophilic. At high catechol concentrations (5 
mM) dimers (Figure 5.24) and trimers are preferentially formed.
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Figure 5.24. Possible products of the reaction of 4-AP with catechol when using aged 
APS. These products are formed at high catechol concentrations.
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The formation of different products depending on catechol concentration can explain the 
different crystal responses observed. The delay in the response when catechol is present 
is due to the different reaction kinetics of 4-AP auto-reaction and of 4-AP with catechol. 
At low catechol concentrations, the large products formed (tetramers and pentamers) 
contribute to the large signal sizes observed while at high catechol concentrations the 
dimers formed do not adsorb that well to the crystal surface and as a result, smaller signal 
sizes are observed. The reaction probably progress through free radical formation 
similarly to the mechanism suggested in chapter three. In order to verify the reaction 
mechanism, a free radical scavenger can be used and test if a signal is obtained. This was 
not studied.
trimer
tetram ers
p en tam er
Figure 5.25. Possible products of the reaction of 4-AP with catechol when using aged 
APS. These products are formed at low catechol concentrations.
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The reaction of 4-AP with resorcinol in the presence of aged APS did not produce a fast 
response. The concentration of resorcinol was 50 mM (10 times excess compared to 4- 
AP), which suggests that the indophenol (dimer) was the major product formed. This 
suggests that the dimer does not adsorb on the crystal surface.
The results of TLC analysis on the products of the phenolic reaction verify that the 
initiators act by two different mechanisms. In the presence of potassium periodate or 
when no initiator was used only one product was formed (Figure 5.10). This product was 
the indophenol dye (Hasan et.al. 1993). On the other hand, when APS was used, 14 
products were formed. One of these products was the indophenol dye (one band had the 
same i?/value with the band found when potassium periodate was used) but it was not the 
major product (it was not the most intense band). A suggestion of what these products 
might be is given latter. A mechanism of the production of the indophenol has already 
been presented in chapter 3.
While the above mechanism explains the production of indophenol, our experiments 
(TLC analysis) suggest a second possible mechanism. Here we propose that a 
benzoquinone (Beyer, 1997, Srivastava et.al. 1977) is produced as a stable product which 
can couple with unreacted 4-AP to form a quinhydrone type complex (ti-tt or charge 
transfer complex) in addition to the indophenol product. The production of p- 
benzoquinone was also confirmed by mass spectroscopy. In control experiments, the 
crystal was found to respond when benzoquinone was added to 4-aminophenol. In 
addition to this quinhydrone, it is therefore feasible that the indophenol produced could 
also form self-coupled tu-tt complexes (equation 5.2(c))
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The reaction of 4-AP with o-cresol when using aged APS had the desirable small reaction 
time at high 4-AP concentrations but did not exhibit a low detection limit (Figure 5.7). 
Paracetamol levels in overdose patients are in the range of 0.1 to 1.5 mM. Therefore, 4- 
AP detection limit needs to also go down to 0.1 mM in order for a QCM-based 
paracetamol biosensor to be applicable in a clinical laboratory setting. The problem can 
be resolved by the pre-addition of 5mM of 4-AP. The 4-AP analysis time was ~3
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minutes. A standard curve was obtained in the range of 5-5.8 mM 4-AP with a very good 
of coefficient correlation value (R^=0.9961).
The spectra obtained from mass spectrometry after separation by liquid chromatography 
of the products of the reaction of 4-AP with o-cresol in the presence of aged APS did not 
produce a clear fragmentation pattern. The problem was solved by inserting in the 
software the expected molecular weights of the products so the desorption and ionisation 
energy was just enough for the molecular peak M^ or the quasi-molecular peak (M+H)^ 
to be obtained. The peak at 1.59 min corresponded to a compound with molecular weight 
122. This compound is probably the p-benzoquinone produced from the oxidation of o- 
cresol (equation 5.2(a)). The peak at 1.86 min corresponded to a compound with 
molecular weight of 322. This compound is possibly the reduced double adduct (Figure 
5.26d). The peak at 4.8 min corresponded to a substance with a molecular weight of 320. 
This substance is probably the double adduct (Figure 5.26c). The peak at 7.21 min 
corresponded to a compound with molecular weight of 214, which is probably the mono- 
adduct.
m ono-adduct 
(MW 213)
(a)
(MW 122)
(b)
double adduct 
(MW 320)
(c)
R educed double adduct 
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(d)
Figure 5.26. Chemical structure of the products of the reaction of 4-AP with o-cresol in 
the presence of aged APS.
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In order to minimise the number steps of the analysis, an effort to combine dry reagent 
chemistry and the quartz crystal sensor was made. Very few dry reagent approaches 
combined with the quartz crystal sensor have been reported in the literature. Cosnier et.al. 
(2001) reported a quartz crystal sensor for the determination of avidin concentration. 
Biotinylated polypyrrole film was electro-polymerised on the gold surface of the quartz 
crystal electrode. Then the concentration of avidin using a flow cell was determined by 
monitoring the complexation of the latter with the immobilised biotin.
Herein we report for first time the incorporation of dry reagent chemistries to the quartz 
crystal sensor technique where the detection is based on precipitation reactions. The main 
advantage of dry reagent technology is that the need for reagent preparation and many 
other steps associated with liquid systems is eliminated, which results in more consistent 
and reliable test results. Furthermore, dry chemistry has a longer shelf stability.
There were three approaches in the immobilisation of the starting materials at the surface 
of the crystal. In the first approach, we tried to immobilise 4-AP and o-cresol by direct 
immobilisation at the crystal surface (Figure 5.27).
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Figure 5.27. Mechanism of crystal response when (a) 4-AP was immobilised on the 
surface of the electrode by solvent (acetone) evaporation (b) 4-AP powder was added on 
the crystal surface.
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When 4-AP was added by solvent evaporation, 4-AP probably adsorbed on the surface of 
the crystal (Figure 5.27(a)). This resulted in an increase in the reaction time, because of 
the time needed for 4-AP to desorb before reacting with o-cresol. Moreover, the 4-AP 
adsorption inhibited the reaction of the latter with o-cresol at the surface of the electrode 
because of the inactivation of the amino group of the 4-AP compound (due to 
adsorption). In the case of 4-AP addition as a powder, there were two processes occurring 
after the addition of the o-cresol -  APS solution; dissolution and reaction of 4-AP with o- 
cresol in solution and reaction of 4-AP with o-cresol at the crystal’s surface. The latter 
was suggested by the observed condition of the crystal surface after the end of the 
reaction and the removal of the supernatant, where large particles could be seen.
In the second approach, the starting compounds were immobilised in a non-water soluble 
matrix (cellulose acetate). The reaction time increased to over an hour. This is probably 
due to the slow desorption and diffusion of the starting compounds into solution (Figure 
5.28).
Product * #  
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Figure 5.28. Mechanism of crystal response when 4-AP was immobilised in a cellulose 
acetate membrane.
The last approach tested, produced the most promising results. A proposed mechanism of 
what is happening on the crystal’s surface is given on Figure 5.29.
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Figure 5.29. Mechanism of crystal response when 4-AP was immobilised in a cellulose 
acetate membrane.
There are a number of water-soluble polymers that can be used for the above purposes, 
which need to be studied (polyvinyl pyrrolidone, polyacrylamide, hydroxyethyl 
cellulose). The polymer used must be carefully selected to avoid interference with the 
chemistry in solution. Factors that need to be considered are solubility, viscosity, film 
forming temperature and particle size (Akmal, 1998).
HgN HgN HgN HgN H^N H^N H^N w N H^NH^N H^N H^N
>4-s s4-s s4-S S s s s s s
C ystam ine add ition  C ystam ine im m obilisation
— |-N H -C H 2-C H 2-j- 1 N -C H j-C H j-j— G l U t O r O l d e h y d e  — | - n H-CHj-CH2-)-— |  N-CH^-CH^-)-
I ------------- ► I .
Polyettiyleneim ine (PEI) PEI - GA
Figure 5.30. Different surface functionalisation techniques.
Attempts to immobilise aryl acylamidase on the gold surface of the quartz crystal were 
performed. Figure 5.30 shows the different approaches followed. These techniques have 
been used in the past for the immobilisation of a number of enzymes and antibodies on 
the surface of the quartz crystal. Liu et.al immobilised human serum albumin (HSA) 
using various immobilisation procedures (physical immobilisation, chemical 
immobilisation), and then compared them. The detection limit for the anti-HSA was 10
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mg / L. Babacan et.al (2000) used the PEI -  GA approach to immobilise mti-Salmonella 
antibodies on the surface of the crystal. The approach suffered from very low 
reproducibility. There are no reports in the literature of glutaraldehyde being used 
directly on the gold surface of the quartz crystal to immobilise proteins. From all the 
approaches studied, only the polyethyleneimine without the use of a cross linker (GA) 
was successful. This is not in agreement with the results obtained when cystamine was 
used. In both cases the active group was the amine group (-NH2). This suggests that in 
addition to the cross linking, adsorption of the enzyme on the polymer surface might 
occur (via hydrogen bonding). The enzymatic conversion of paracetamol to 4-AP is very 
low as expected due to the low activity of the enzyme / mg of solid (0.12 U / mg).
This chapter demonstrates the viability of possible biomedical applications, based on 
phenolic reactions, of the quartz crystal sensor. The lack of sensitivity of the quartz 
crystal sensor when the signal is based on precipitation reactions can be overcome by 
incorporating dry reagent chemistries that can expand the life-time of the sensor. Aryl 
acylamidase was successfully chemically immobilised on the surface of the crystal. 
However, the low activity of the enzyme did not allow fast and high conversion rates. 
The presence of AAA in solution, inhibited the fast responses observed in the detection 
of 4-AP, suggesting that alternative sensor designs need to be applied in order to maintain 
short analysis times.
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Chapter 6
Detection of phenolic compounds using an E-QCM sensor.
6,1 Introduction
The results in Chapter 5 suggested that the mechanism of the phenolic reaction was based 
on the fast oxidation of 4-AP and o-cresol by aged APS that led to a fast response. This 
process is taking place in solution, thus time is needed for the products to reach the 
surface of the quartz crystal and be detected. Moreover, when polycarbonate membranes 
were used in the cell chamber to house the enzyme (AAA), the precipitate formed, was 
adsorbing to the membrane instead of the crystal leading to a signal inhibition. The 
electrochemical quartz crystal microbalance (E-QCM) sensor has been used in the past, 
to study the in-situ formation of polymer films. The surface fouling o f the working 
electrode due to phenol oxidation, which leads to the formation of a non-conducting 
polymer and electrode passivation, was studied by Joseph Wang (1998) using an 
electrochemical quartz crystal microbalance sensor. Concalves et.al (2000) investigated 
the deposition of thin films due to the electrochemical oxidation of o-aminophenol using 
the E-QCM.
It is suggested here that the 4-AP could be directly detected on the electrode surface by 
electrochemically oxidising it instead of using an initiator or an oxidising agent. This 
would result in the polymerisation of 4-AP directly on the electrode surface and 
immediate detection of the polymerisation products. Moreover this would lead to an 
improvement o f the detection limit as well because all the chemistry would take place on 
the crystal surface where the signal is generated and not in solution. In this chapter we 
present a study of the detection of phenols based on their electrochemical oxidation and 
detection on the quartz crystal surface (Figure 6.1).
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Figure 6.1. Schematic of 4-AP detection on the gold surface of a quartz crystal after 
electro-oxidation when using the E-QCM sensor.
6,2 Experimental Section
6.2.1 Apparatus
The following components were used in the electrochemical studies. A silver / silver 
chloride reference electrode was suspended over the gold electrode of the quartz crystal 
sensor (Figure 6.2(a)). The Ag / AgCl formed the reference / counter electrode and the 
gold surface on quartz crystal was the working electrode for the electrochemical studies. 
The hole from where the reference electrode was introduced into the cell chamber was 
sealed with silicone glue. Buffer solution was placed in the cell chamber and both 
potentiostat (built in-house) and quartz crystal sensor were coupled for simultaneous E- 
QCM measurements.
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Figure 6.2. (a) Schematic of the modified sample cell used to house the AT-cut quartz 
sensor and the reference and counter electrode, (b) Schematic of the E-QCM 
experimental set-up (c) Photo-image of potentiostat used.
6.2.2 Methods
6.2.2.1 E-QCM measurements
A major problem arose with the simultaneous application of a potential and the 
monitoring of the resonant frequency fs. The oscillation box was designed in such way 
that the top electrode of the quartz crystal (exposed to the reaction mixture) is always 
earthed. As a result, when the potentiostat was connected as well to the top electrode of 
the crystal and the oscillation circuit was also completed using the same electrode, the 
latter became earthed and no potential could be applied. The easiest way of overcoming
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this problem was either to disconnect the oscillation box and therefore no monitoring of 
frequency could be made during the potential application or reverse the working and the 
reference / counter electrode. In the latter case, the gold surface of the quartz crystal 
would be the reference and the counter electrode and the silver / silver chloride the 
working electrode. The first solution was employed since the latter solution would mean 
that the QCM sensor was not the indicator electrode.
6.2.2.2 Silver / silver chloride reference electrode preparation.
Silver wire 99.99 % was immersed in a 3 M potassium chloride solution as the working
electrode against a Ag | AgCl reference electrode and platinum wire as the counter 
electrode and a potential of 0.5 V was applied until the silver wire took a brown / black 
colour from the formation of AgCl.
6»3 Results 
6.3.1. 4-AP detection
The effect of various oxidation times was first studied. We would expect that the longer 
the oxidation time, the bigger the size of the response of the quartz crystal sensor because 
of the 4-AP polymerisation, which results in thicker film formation on the crystal surface 
(Figure 6.3).
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Figure 6.3. Crystal response to 4-AP (2 mM) when applying 650 mV versus 
Ag I AgCl as R.E. for various times (Au surface was used as W.E.)
Thirty seconds of potential application did not produce any difference in crystal response 
to the first 20 minutes compared to when no potential was applied. Two, four and 8 
minutes of potential application had similar response profiles. After the end of potential 
application the frequency started to decrease rapidly and after 200 seconds it stabilised. 
The longer the application time of a potential the larger the response size. Above sixteen 
minutes of potential application, the rate of decrease in frequency (fs) during oxidation 
remained the same. An interesting observation is that the dis-continuous application of a 
potential for multiple short time periods caused a larger response size than when the 
potential was applied continuously for the same time period. This suggests that either 
different products were formed in each case which produced different crystal responses 
or that polymerisation progressed better when potential was applied for short time 
periods. The selection of the time of applied potential was based on the combination of 
two factors, (a) a shorter time for 4-AP detection and (b) a larger overall size of response. 
Accordingly, a three minute pulse was selected for all further experiments.
A range of different potentials were tested in order to assess the minimum potential that 
would initiate oxidation and polymerisation of 4-AP. The lower potentials were better
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because at high potential there are many compounds that can interfere with 4-AP 
detection such as direct paracetamol oxidation (Figure 6.4).
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Figure 6.4. Crystal response to 4-AP (2 mM) when applying a range of different 
potentials for 3 minutes. Ag | AgCl was used as the R.E. / C.E. and the Au surface was 
theW.E.
Application of 300 mV for 3 minutes produced a small response suggesting that this 
potential was not sufficient to cause 4-AP to polymerise. Of the potentials tested, 450 mV 
produced the largest response while the crystal response to 650 and 1000 mV 
respectively was much smaller. At higher potential than the 4-AP oxidation potential, 4- 
AP oxidises faster which results in inhibition of polymerisation because most of 4-AP is 
in the oxidised form. A possible mechanism of 4-AP polymerisation and an explanation 
of why higher oxidation voltage inhibits polymerisation, is presented in the discussion 
section.
The crystal response to a range of 4-AP concentrations was studied (Figure 6.5). The 
higher the concentration, the larger was the response from the crystal. The signal that was 
produced when a concentration of 1 mM 4-AP was used was very small. During 
polymerisation (3 min) the frequency increased (by 5 Hz) instead of decreasing. This 
suggests that the concentration was not sufficient enough for 4-AP to polymerise to the 
extent that it would at higher 4-AP concentrations, resulting in the formation of products
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that are detected by the quartz crystal. At 4-AP concentrations of 2 mM and above, the 
crystal response characteristics are very similar. After the end of the application of the 
potential, the frequency stabilises after a few seconds. The response characteristics in the 
absence of a voltage application are in good agreement with the signals observed when 
no initiator was used.
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Figure 6.5. Crystal response to increasing 4-AP concentrations during the application of 
450 mV for 3 minutes. Ag | AgCl was used as the R.E. / C.E. and the Au surface of the 
quartz crystal was the W.E.
The intra-assay variation (CV) of the detection of 2 mM 4-AP under the above conditions 
was 13 % (average = 214.8 Hz, standard deviation = 28, n = 6) while for 5 mM of 4-AP 
was 7.2 % (average = 557 Hz, standard deviation = 40, n = 5). The application of 450 mV 
for 3 min in a solution containing 10 mM o-cresol did not produce any signal. The 
presence of 10 and 20 mM o-cresol during the electro-polymerisation of 2 mM 4-AP 
resulted in a decrease in the magnitude of the signal compared to when no o-cresol was 
present due to the competing reaction of the oxidised 4-AP with o-cresol. Thus, less 4-AP 
was left to polymerise leading to an overall decreased signal. This hypothesis is 
confirmed by the fact that the decrease in the signal was larger when 20 mM of o-cresol 
was used instead of 10 mM.
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6.3.1.1. Effect of aryl acylamidase (AAA) on 4-AP detection signal
The effect of the presence of the enzyme (AAA) on the polymerisation process and 
crystal response was also studied (Figure 6.6).
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Figure 6.6. Crystal response to 4-AP (2 mM), when applying 450 mV for 3 minutes, in 
the presence and in the absence of 0.15 U AAA (0.12 U / mg of solid). Ag | AgCl was 
used as the R.E. & C.E. and the Au surface of the quartz as the working electrode.
The presence of the enzyme in the solution resulted in the same effect that was observed 
when conditioned APS was used to decrease the reaction time of the phenolic reaction. In 
the former reaction, the oxidation and the polymerisation of 4-AP is happening at the 
electrode surface. In the latter reaction, the formation of the products is taking place in 
solution and then the products precipitate out on the crystal surface. In both cases, 
addition of AAA resulted in an immediate decrease in frequency suggesting that the 
enzyme is adsorbing on the crystal surface. Taking these factors into consideration we 
can suggest that in the first case (electro-oxidation of 4-AP), the enzyme is affecting the 
signal by inhibiting the formation of the products on the electrode surface, and in the 
second case (chemical 4-AP oxidation), by inhibiting the adsorption of the products to the 
surface of the crystal.
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6.3.1.2. Interference in 4-AP detection from direct oxidation of paracetamol
The effect of paracetamol oxidation on the quartz crystal was also studied to test if it 
interferes with 4-AP determination (Figure 6.7).
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Figure 6.7. Crystal response to paracetamol (2 mM), when applying a range of potentials 
for 3 minutes. Ag | AgCl was used as the R.E. & C.E. and the Au surface of the quartz as 
the working electrode.
The application of 450 mV produced an increase in frequency instead of a decrease 
suggesting that paracetamol is not going to interfere with 4-AP detection. Increase in the 
voltage applied resulted in an increase in the magnitude of the signal. The results in 
Figure 6.7 suggest that paracetamol polymerises or forms products that can be detected 
by the quartz crystal sensor. Therefore, paracetamol does not have to be enzymatically 
converted to 4-AP in order to be detected. Application of 650 mV did not produce a large 
response. When the potential was increased up to 850 mV a large signal was obtained. 
The magnitude of the signal was 2/3 of the signal obtained for 4-AP. A major drawback 
of direct electrochemical detection of paracetamol is that other species (e.g. ascorbic acid, 
uric acid) present in blood may interfere with the paracetamol or 4-AP signal. However, 
such interferents are unlikely to affect the electrochemical quartz crystal microbalance 
detection strategy since the oxidation products of e.g. urate and ascorbate are water- 
soluble.
I l l
6.3.1.3. Interference from other phenols
The response of the crystal to catechol and 4-AP after the application of a range of 
voltages in the same analyte solution was studied (Figure 6.8).
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Figure 6.8. Crystal response to 4-AP (2 mM) and catechol (2 mM), when applying a 
range of potentials for 3 minutes. Ag | AgCl was used as the R.E. / C.E. and the Au 
surface of the quartz crystal was the working electrode.
Figure 6.7. suggests a distinct difference in the polymerisation mechanism of catechol 
and 4-aminophenol. When catechol was employed, the higher the voltage applied the 
larger the magnitude of the response, suggesting that the rate of polymerisation was 
increased. When 4-aminophenol was used, the rate of polymerisation was decreased 
above 400 mV.
6,4 Discussion
The electrochemical quartz crystal microbalance technique has been mostly used as a tool 
to investigate processes that take place on the surface of the electrodes during 
electrochemical measurements such as film formation (e.g. pyrrole, aniline, phenol 
electropolymerisation) or adsorption of various substances (e.g. glycine, iodide). In this
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chapter we have demonstrated that the E-QCM technique can be used for the detection of 
analytes of environmental and biomedical significance. The hypothesis that we made at 
the beginning of the chapter that electro-oxidation of the 4-AP can lead to the detection 
o f 4-AP in the absence o f initiators and with improved detection limits was confirmed. A 
well defined signal (-300 Hz) was obtained for a 2 mM 4-AP concentration in around 5 
min. The application of a 4-AP oxidation potential (+300 mV vs Ag / AgCl ( Huang, 
2003)) results in the oxidation of 4-AP to a quinone-imine (equation 6.1).
NH, NH
OH
Oxidation
+  2H+ + 2e-
O
(6.1)
The quinoneimine can then react with another non-oxidised 4-AP molecule by an 
electrophilic attack on the lone pair of electrons (equation 6.2).
NH, NH
OH O
NH
OH
(6.2)
Zhang et.al. (1999) suggested a mechanism of 4-AP oxidation by horseradish peroxidase 
(HRP) and H2O2. The first two steps of the suggested mechanism are shown in equations 
6.1 and 6.2. The next steps of their suggested 4-AP oxidation mechanism are shown in 
the next page.
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OH
NH,
HO
NH
OH
OH
NH.
NH OH
(6.3)
HO
NH
OH
HO.
NH.
NH ,0H
HO
OH
HO.
NH;
NH OH
HO
OH
NH NH,
rv
The structure of the product has been previously identified and verified by UV-visible 
spectrometry, carbon-13 and proton NMR, IR spectrometry, mass spectrometry and 
elemental analysis.
The enzyme catalysed reaction reached equilibrium in 20 min and was stable for 2 hours 
at pH 4.7. The same group of people (Sun et.al 2001) in a later publication suggested 
that the final enzyme-catalysed polymerisation product of 4-AP was slightly different 
(equation 6.6).
OH
NH
NH
polymerisation
HO
o
jy OH (6.6)
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Lakard et.al. (2003) suggested a mechanism of 1,4 diaminobenzene polymerisation. They 
suggested that when the 1,4, diaminobenzene is oxidised, one of the amino groups loses 
an electron and forms a cation radical, which can then decompose by C-N cleavage to 
produce a carbocation. The carbocation can then polymerise by the attack of a 1,4 
diaminobenzene molecule. In a similar way, the product of equation 6.3 can form a 
carbocation and then a 4-AP molecule can attack the carbocation to form the product of 
equation 6.6.
It is possible that the electrochemical oxidation of 4-AP proceeded in the same way as the 
enzyme-catalysed oxidation. The longer the application of the oxidation potential the 
more the polymerisation progress. Salavagione et.al. (2004) suggested that 4- 
aminophenol is electrochemically oxidised in strongly acidic solution to /^-benzoquinone 
and it does not polymerise. Their suggestions were in agreement with Wang et.al. (1999) 
who studied the electro-oxidation of 4-AP and the kinetics of the hydrolysis of 
benzoquinoneimine to /^-benzoquinone by spectroelectrochemistry. The polymerisation 
of 4-AP in our experiments was performed in alkaline environment. Therefore, it is 
possible for 4-AP to electro-polymerise. When a much higher potential than the oxidation 
potential is applied it is possible that 4-AP oxidises very fast as soon as it reaches the 
electrode surface and does not have sufficient time to react with a lone pair from a non­
oxidised 4-AP molecule in ortho position to the hydoxyl group. This could explain why 
when much higher potentials for the 4-AP (Figure 6.4) and paracetamol (Figure 6.7) 
oxidation were applied, the magnitude of the frequency signals decreased.
The electrochemical oxidation of paracetamol has been described by Benschoten e/.a/. 
(1983) (equation 6.7).
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Paracetam ol NAPQI III
+ H 2 0
- C H 3 C O N H 2
(6.7)
Paracetamol is electrochemically oxidised by a two electron, two proton process to N- 
acetyl-p-quinoneimine (NAPQI). At pH values >6, NAPQI exists in the stable 
unprotonated form. Under more acidic conditions, NAPQI is immediately protonated, 
yielding a less stable product (III) which rapidly forms a hydrated product (IV). The 
hydrated NAPQI (IV) at strongly acidic environment is converted to p-benzoquinone (V). 
Potter et.al (1985) studied and identified the products of paracetamol polymerisation. 
The polymerisation was catalysed by horseradish peroxidase (HRP). Six products were 
separated by HPLC and identified by mass spectrometry and by 500 MHz proton 
magnetic resonance spectroscopy. The products were two dimers, three trimers and one 
tetramer. The structure of the six products can be seen in Figure 6.9. Depending on the 
concentration of paracetamol, the product formed appeared to be different. At low 
paracetamol concentrations (below 1 mM) the formation of trimers and tetramers was 
favoured. However, at high paracetamol concentrations, dimers were mostly formed, de 
Carvalho et.al. (2004) studied the effect of EDTA on the signal stability during 
electrochemical detection of paracetamol and other phenols. They found that the use of 
EDTA improved the electrochemical signal and improved the long-term stability o f the 
electrode by inhibiting polymer formation and subsequently electrode passivation. This 
approach can be used with the E-QCM to investigate if the signals we obtained from the 
oxidation of 4-AP, catechol and paracetamol are due to the formation of polymers or due 
to other processes occurring at the electrode surface {e.g. formation and adsorption of 
oligomers).
The presence of aryl acylamidase in solution during 4-AP electro-oxidation resulted in 
the inhibition of the signal. This was probably due to the adsorption of the enzyme to the
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electrode surface, which probably resulted in restricted access of 4-AP to the electrode 
surface by steric hindrance phenomena. Thus, 4-AP could not get oxidised and then 
polymerise as it could not reach the crystal surface. However, the fact that paracetamol 
can polymerise and be detected by the quartz crystal sensor, means that the enzyme does 
not need to be used. The major drawback with this approach is that the presence of 4-AP 
and catechol in the same solution will interfere with the signal as the oxidation / 
polymerisation potentials are much lower for these substances.
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Figure 6.9. Products formed by the HRP catalysed oxidation o f paracetamol (Potter et.al. 
1985).
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The within day variation was tested by measuring the coefficient of variation (CV).The 
CV was poor (> 10 %) at low analyte concentrations (2 mM) and better at higher 4-AP 
concentrations (5 mM). The poor reproducibility of the method can be attributed to the 
experimental set up and the use o f Ag / AgCl as the counter and the reference electrode. 
The use of a new cell assembly incorporating a three-electrode system could provide a 
more reproducible assay. Moreover, the reaction time could be improved by employing 
magnetic stirring. In our experiments, we were relying on the diffusion of the analyte to 
the crystal surface, a very slow process, in order for detection to occur.
This chapter shows the viability o f electrochemical quartz crystal sensor to detect various 
phenolic substances. The major advantages of this approach is that no initiators are used 
to increase the speed of the reaction and that all the reaction processes occur at the 
electrode surface and not in solution, which allows us to incorporate membranes in our 
sensor without losing part of the response size.
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Chapter 7
General Discussion
The quartz crystal microbalance technique has drawn considerable attention over the past 
two decades. The advantages that it offers against conventional techniques such as the 
label-less detection of various analytes, the low cost, the thermal stability of the crystal, 
the small size and real-time monitoring have led to the development of a great number of 
sensors for various applications. The most popular applications were the use of QCM as a 
gas phase sensor, as an immunosensor and more recently as a DNA sensor. All these 
sensors were based on the coating of the surface of the quartz crystal with a polymer or 
the immobilisation of an antigen / antibody / DNA single strand usually by covalent 
bonding, and the interaction of the analyte of interest with these coated surfaces. The 
major problem with these approaches was the lack of specificity due to the non-specific 
adsorption of other substances at the surface of the crystal. The detection limit of 
piezoelectric immunosensors can go down to low nM levels (Pearson 2000).
Ebersole and Ward (1988) were the first people to report and the use of precipitation 
reactions as a detection strategy for the QCM sensor. Adenosine 5’-phosphosulfate 
reductase detection was accomplished by binding of the latter to an immobilised on the 
surface of the QCM anti-reductase antibody followed by addition of an anti-adenosine 5’- 
phosphosulfate reductase-alkaline phosphatase conjugate. Subsequent exposure of 
bromochloro indolyl phosphate (BCIP) to the bound sandwich complex resulted in the 
enzymatically amplified precipitation of the oxidised dimer of BCIP to the QCM surface 
and a frequency change proportional to the analyte of interest. Detection of 5 ng / mL of 
analyte could be obtained.
Reddy et.al (1998) reported a QCM sensor for the detection of glucose concentration 
based on a precipitation reaction. The detection was based on the enzymatic conversion 
of glucose to gluconic acid and hydrogen peroxide and the reduction of the latter by 
horseradish peroxidase (HRP), which resulted in the oxidation of o-dianisine to a dimer
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form that is insoluble in aqueous solutions. A linear response to glucose was obtained in 
the concentration range 30 -  200 pM. The analysis time was around 10 min.
Martin et.al (2003) reported a QCM sensor for the cholesterol determination in serum. 
The detection was based on the enzymatic conversion of cholesterol to cholest-4-en-3- 
one and hydrogen peroxide. The latter, in the presence of HRP, oxidised benzidine to a 
dimer product, which precipitated on the crystal surface. The detection range was 50 -  
300 pM and the analysis time around 25 minutes. This sensor demonstrates the 
applicability of the QCM sensor in the detection of analytes in biological samples. The 
major disadvantage was the long analysis time.
The QCM sensors that were developed in this thesis for the determination of carbaryl, 4- 
AP and catechol had low analysis times but in some cases the detection limits were 
outside clinical or environmental ranges. The main reason for this limitation was that at 
low analyte concentrations the precipitate formed was limited and so could not generate a 
response from the quartz crystal. In order for the QCM sensors to detect the precipitate by 
a decrease in frequency, the precipitate has to adsorb on the crystal surface for maximum 
sensitivity. Otherwise, the precipitate is not rigidly coupled to the quartz and signal is lost 
due to this factor. This is the major reason for the difference in sensitivities observed 
between QCM sensors based on precipitation reactions and QCM sensors based on strong 
interactions such as antibody / antigen binding or avidin / biotin complex (pM against 
nM ranges). However, despite the differences in sensitivities, the former technique is 
more specific for the analyte of interest than the latter technique. Another advantage of 
precipitate based techniques is that there is no added ‘mass’ on the surface of the quartz 
crystal prior to analysis compared to immunosensors or DNA sensors. The mass addition 
can lead to an increase in the interfacial viscosity and a decrease in sensitivity (Bunde 
et.al 1998).
We have shown that the lack in sensitivity of the developed QCM sensors can be 
overcome by the combination of a dry reagent chemistry approach. There are no reports 
in the literature of QCM techniques and dry chemistries. This is possibly because the use
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of polymers on the crystal surface would result in ‘added’ mass and a decrease in 
sensitivity of QCM technique. We suggest the use of water-soluble polymers for the 
immobilisation of the starting materials on the surface of the quartz crystal. The use of 
these polymers results in no added mass on the surface of the crystal. Therefore, after the 
addition of the aqueous sample, the complete dissolution of the polymer and the starting 
materials will result a ‘clean’ surface during subsequent precipitate detection. A complete 
study of various parameters in the deposition of the polymer on the surface of the crystal 
such as concentration and selection of the polymer as well as optimum thickness that 
would allow a fast and complete dissolution of the immobilised substances needs to be 
performed.
Various procedures for the immobilisation of AAA on the crystal surface were studied. 
From the various techniques tested the PEI approach was the only one successful. The 
lack of information of the enzyme amino-acid sequence was a negative factor in our 
efforts towards that direction. The conversion rate of paracetamol to 4-aminophenol was 
very slow and a 100 % conversion was not possible even after 80 minutes of incubation 
with the enzyme. This was due to the low activity of the commercially available enzyme 
(0.12 U / mg of solid). Hammond et.al (1983) were the first to purify AAA. The activity 
of the purified AAA was 320 U / mg of solid. In order for the QCM sensor to be 
practically viable in the detection of salicylate and paracetamol, high activity enzymes 
need to be obtained and used. The presence of AAA in solution had a negative effect in 
the reaction of 4-AP with o-cresol. The frequency data (decrease in suggested that 
AAA was adsorbing on the crystal surface. Therefore, it is questionable if covalent 
linking of the enzyme on the surface of the crystal is the way forward as it would 
probably have the same negative effect. Moreover, the use of a dry chemistry approach 
and enzyme immobilisation on the QCM surface creates a very complicated system the 
most important being the formation of a precipitate film barrier on the very surface where 
the enzyme is immobilised. This suggests that alternative cell set-ups need to be 
evaluated where for example the enzyme is immobilised in close proximity to the quartz 
crystal surface.
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The speed of the phenolic reactions and the production of precipitate were greatly 
accelerated by the presence of oxidising compounds. From the compounds tested (namely 
PP, APS) APS was found to have the best action. Reddy (2000) was the first to report the 
use of APS to increase the speed of the phenolic reaction. An extensive study of the 
effect of APS on the reaction of 4-AP with a range of phenolic compounds was reported 
by the author of this thesis (Karousos et.al 2002). Karousos et.al found that at higher 
APS concentrations than those tested by Reddy (10 mM), the precipitate formation and 
signal response was better. They also found that when fresh APS was used as initiator, 
resorcinol was the phenol of choice for the detection of 4-AP. However, ‘ageing’ of APS 
resulted in an initiator that was more effective than fresh APS. The crystal responses to 
the reaction of 4-AP with o-cresol in the presence of aged APS were extremely fast (< 3 
min). Investigation of the mechanism of the reaction suggested that this was due to the 
fast oxidation and possible polymerisation of 4-AP. The application of aged and fresh 
APS as oxidising agents in optical methods such as for the determination of 4-AP and 
paracetamol (data not shown) was demonstrated.
The chemical or electrochemical polymerisation of 4-AP, catechol and paracetamol has 
been reported in the literature. An alternative sensing technique that was studied to take 
advantage of the polymerisation properties o f these substances was E-QCM. The latter 
technique has been often used by electrochemists as a tool to study the film formation on 
working electrodes but rarely as an analytical technique. The application of a suitable 
oxidation potential for the above substances resulted in the generation of a signal. The 
response of the crystal was fast and had a better detection limit than the classical (non­
electrochemical QCM. The advantages of E-QCM against QCM for the detection of the 
above analytes are that no oxidising agent is needed, no other phenol is needed and that a 
better detection limit can be obtained because the reaction is happening on the electrode 
surface. The major disadvantage of E-QCM is that extra instrumentation for the voltage 
application is required. The major advantage of the E-QCM against electrochemical 
sensors is that the presence of ascorbate and urate in biological samples, major 
interferents in electrochemical measurements, is not going to affect the E-QCM 
measurements.
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Chapter 8 
Conclusions
Methods for the determination of carbaryl, 1 -naphthol, 4-aminophenol and catechol using 
the quartz crystal microbalance sensor were developed. The analysis of these substances 
was based on the reaction of the latter compounds with other phenols, which resulted in 
the formation of products that precipitate on the surface of the crystal causing a decrease 
in the resonant frequency of the quartz crystal. The drop in frequency could be directly 
correlated to the concentration of the analyte of interest.
The detection of carbaryl was based on its alkaline hydrolysis to 1-naphthol and then 
reaction of the latter with 4-AP. The insoluble product produced, was adsorbed on the 
crystal surface generating a decrease in frequency. Ammonium persulfate (freshly 
prepared) was used to accelerate the production of the precipitate. The analysis time was 
13 min (2 min for the hydrolysis of carbaryl to 1-naphthol and 11 min for the phenolic 
reaction to complete). A linear response was obtained in the range of 0.1 -  0.4 mM. The 
detection limit was 37 pM based on 3 SD of the blank. Preconcentration techniques are 
therefore needed in order for this technique to be applicable in the detection of carbaryl in 
environmental samples.
The presence of organic solvents at low concentrations (2.5 % v / v) in the reaction 
mixture during the reaction of 1-naphthol with 4-aminophenol improved the size of the 
crystal response. Four solvents were studied. These were acetone, methanol, isopropyl 
alcohol and N, A,dimethyl formamide. Acetone and DMF were much more efficient in 
increasing the size of the response than methanol and isopropyl alcohol. Flowever, the 
use of organic solvents increased the reaction time as well and thus it was not used in the 
detection method of carbaryl and 1-naphthol.
Two substances were used to improve the speed of the reaction of 4-AP with o-cresol. 
The first one was potassium periodate, a compound widely used as a strong oxidising
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agent. The second one was ammonium persulfate, a substance that act by formation of 
free radicals. Ammonium persulfate was more efficient in increasing the speed of the 
phenolic reaction compared to potassium periodate. Ammonium persulfate when stored 
at room temperature slowly decomposes. Fifteen days after original day of preparation, 
the effect of APS on the reaction of 4-AP with o-cresol is greatly enhanced. A crystal 
response is obtained in less than 3 minutes.
A quartz crystal sensor for the detection of catechol was developed. The detection was 
based on the reaction of catechol with 4-aminophenol in the presence of aged APS. A 
linear response was obtained in the range of 1 -  5 mM catechol concentration. The 
analysis time was less than 2 min. This range is not suitable for environmental or 
biomedical purposes but since catechol is the end product of salicylate enzymatic 
conversion, a salicylate sensor is a potential application for this system.
A method for the determination of 4-AP using the QCM sensor was developed. The 
principle of detection was based on the reaction of 4-aminophenol with o-cresol in the 
presence of aged APS. A linear response was obtained in the range of 5 -5.8 mM of 4- 
AP. The analysis time was less than 3 minutes.
The starting materials of the phenolic reaction except from the initiator were immobilised 
on the surface of the crystal by various methods. These were a) direct immobilisation on 
the crystal surface by physical adsorption b) immobilisation with a non-water soluble 
polymer (CA) c) immobilisation on a water-soluble polymer (PVA). The most promising 
of the three was the third one, demonstrating the viability of incorporating dry chemistry 
methodologies on the surface of the quartz crystal.
Aryl acylamidase was immobilised on the surface of the quartz crystal by using PEI, a 
polymer that contains free amino-groups. The conversion of paracetamol to 4- 
aminophenol was very slow which partially can be explained by the low enzyme activity. 
Further experiments to optimise the conditions of enzyme immobilisation are needed
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such as polymer concentration, concentration of enzyme immobilised and enzyme 
incubation time.
The electrochemical quartz crystal microbalance sensor was used for the detection of 4- 
AP, catechol and paracetamol. The detection was based on the electro-polymerisation of 
the analytes on the surface of the quartz crystal. The great advantage of the E-QCM 
sensor compared to the traditional QCM sensor is that no initiator is needed for the 
production of a fast signal. All processes are focused on the crystal surface contributing 
to the lower detection limits observed with the E-QCM. When compared to conventional 
electrochemical methods (non-E-QCM), the great advantage of E-QCM is that no 
attention needs to be given to common electrochemical interferents such as ascorbate and 
urate.
This thesis demonstrates the generic nature of the quartz crystal sensing strategy for the 
determination of analyte-specific precipitates.
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Future Work
1. Complete identification and characterisation of the products of the various phenolic 
reactions, by LC-MS, NMR, elemental analysis and IR spectroscopy, which would 
help us to identify the mechanisms of action of heated and non-heated APS. The 
ionisation method in MS needs to be carefully selected in order to avoid problems in 
the analysis of the various compounds.
2. Investigation of new cell designs that would enable us to immerse the quartz crystal 
vertically into the reaction solution and would helped us to avoid interferences in the 
analysis due to sedimentation.
3. Collection of the various precipitates produced by different phenolic reactions 
(reaction of 1-naphthol with 4-AP, reaction of 4-AP with o-cresol in the presence of 
heated and non-heated APS) and investigation of the size of the particles by scanning 
electron microscopy.
4. Investigation of various techniques in the immobilisation of enzymes (AAA and 
salicylate hydroxylase) with higher activity on the crystal surface or in close 
proximity to it.
5. Investigation of the immobilisation of the starting materials in water-soluble polymers 
directly on the crystal surface in order to obtain an integrated sensor.
6. Study of the detection of 4-AP, catechol and paracetamol using the E-QCM sensor. 
Assessment of new cell set-ups for the determination of these substances in real 
biological samples.
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